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Abstract 
Avocado (Persea americana), mango (Mangifera indica) and macadamia (Macadamia spp.) are 
important horticultural crops globally, especially in the tropics/subtropics. However, these tree crops 
experience a long juvenile phase, which is an impediment to crop breeding and productivity as fruit 
production depends on attaining reproductive phase.  
Phase transition in plants is the developmental switch from a juvenile state to a mature or reproductive 
state over time. Various studies in Arabidopsis and other plants have suggested a pivotal role for two 
highly conserved miRNAs: miR156 and miR172 in phase transition and flowering. Higher abundance 
of miR156 results in prolonged vegetative phase and delays flowering, while higher miR172 
transcripts promote flowering. These act by downregulating members of the SQUAMOSA Promoter 
Binding Protein-like (SPL) and APETALA2-like (AP2) transcription factor gene families, respectively. 
There is very limited information on phase transition in economically important horticultural tree 
crops. This thesis explores the conservation of microRNAs and their target pathways in the phase-
transition and yearly phenology of avocado, mango and macadamia for the first time. Chapter II 
profiles these molecular cues over tree development. Consistent with findings in annual plants, 
miR156 expression decreases as these trees age and can potentially be used as a juvenility marker. 
Conserved regulation of the miR156-SPL4 regulatory module across these genetically distant tree 
crops suggests this pathway may play a highly conserved role in vegetative identity in plants. In 
addition, various floral genes, including APETALA 1 (AP1) and SUPPRESSOR OF 
OVEREXPRESSION OF CONSTANS 1 (SOC1) were upregulated in the reproductive phase and could 
be used as potential markers for the reproductive phase transition. Meanwhile, the abundance of 
miR172 and its target AP2-like genes were not related with plant age in these crops except in avocado 
where miR172 expression increased steadily.  
Graft transmissibility of miR156 and miR172 has been explored in annual plants. Grafting is the 
common propagation method in avocado and macadamia and primarily benefits orchard production 
by reducing the time to tree productivity through the use of mature scion material to hasten early 
bearing/maturity. Rootstocks, however, may be propagated from mature tree cuttings (‘mature’), or 
from seed (‘juvenile’). In Chapter III the molecular profiles of rootstock and scion, and possible 
influence of the rootstock on the maturity of the grafted tree were explored. Transcript abundance of 
miR156, miR172 and the miR156 target gene SPL4, was correlated to the maturity of the scion and 
rootstock material. The scion appeared to be responsible for grafted tree maturity involving these 
factors, while the rootstock maturity had minimal influence on miRNA abundance in the scion, or 
tree maturity. Furthermore, it was demonstrated that the presence of leaves on cutting rootstocks is 
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essential for graft success and contributes towards inter-graft signalling involving the carbohydrate-
marker TREHALOSE6-PHOSPHATE SYNTHASE 1 (TPS1). 
After transitioning to reproductive phase, horticultural trees enter an annual flowering cycle which 
lasts for several years. Here they undergo various physiological and developmental changes essential 
for successful flowering. Understanding the annual flowering cycle is critical for horticultural tree 
productivity. In Chapter IV, potential molecular cues regulating the yearly flowering cycle, or 
phenology, in avocado and macadamia were investigated for two consecutive crop cycles. Expression 
analysis suggested that known floral genes FLOWERING LOCUS T (FT), AP1, CONSTANS (CO), 
SEPALLATA 2 (SEP2/AGL4) and SEP3/AGL9 were upregulated at the time of floral induction and 
are potential candidate markers for floral initiation in these crops. On the other hand, Dormancy-
associated MADS-box gene (DAM), which is associated with endodormancy, is downregulated at the 
time of floral bud break. A possible repression of FT through CO in avocado to regulate flowering is 
suggested. Furthermore, the SOC1-SPL4 model described in annual plants appears to be conserved 
in avocado and macadamia. Lastly, no correlation of miRNAs (miR156, miR172) with any 
phenological event was observed. 
Overall, this Ph.D. project generated valuable data to develop a better understanding of the molecular 
regulation of phase change and flowering in horticultural tree crops. Potential markers as well as a 
model for flowering and reproductive phase transition is presented for these crops. The generated data 
will be important in developing future strategies for managing these horticultural trees, and it will 
also serve as a base point for further research in this field. 
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1. Literature review 
 
 
 
 
 
 
 
 
 
 
1.1 Introduction 
The post-embryonic plant life cycle can be thought of as concatenation of distinct growth phases - 
juvenile, adult vegetative and adult reproductive. The juvenile phase in plants can be described as the 
vegetative development phase in which flowering is not induced [1, 2]. In the adult vegetative phase, 
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the plant is competent to flower, however attaining the reproductive phase, where flowers bear 
fertilized fruit, depends on favorable conditions [1, 3]. In these developmental phases, new organs 
and tissues are constantly produced often acquiring different morphological traits specific to each 
phase (a phenomenon known as heteroblasty) [1]. For example, leaf morphology is different in 
juvenile and adult phases of vegetative development in Arabidopsis [4-6] and Zea mays [7]. 
Heteroblastic features have also been observed in certain perennial woody trees, like Eucalyptus 
globulus and Quercus acutissima (sawtooth oak) [8-10]. However, not all plants exhibit specific 
morphological feature to distinguish between juvenile and adult phase.  
Various environmental and endogenous factors regulate the plant growth cycle – these include 
nutrients, genetics, hormones, age, temperature and day length [11]. Phase transition may depend on 
the age and size of the shoot and is correlated with temperature and photoperiod. Vegetative phase 
change may also depends on various other features such as shoot height from the base and total 
number of nodes [12]. In Eucalyptus, the transition may proceed only after a certain number of nodes. 
Branches at adult nodes produce adult leaves while the branches which arose from juvenile nodes 
produce juvenile leaves [12].   
It is important to understand the factors that affect the duration of juvenile phase length and its 
transition as these affect the duration to commercial productivity of many field crops [13]. For 
example, in woody fruit crops, a long juvenile phase poses a serious hindrance to crop selection and 
improvement because breeding and productivity traits are dependent on attaining reproductive status 
(i.e. flowering and fruiting). However, the opposite is true for plants being used for bioenergy and 
pulp production, in which the desirable traits benefit from a prolonged juvenile period and delay in 
flowering [14].  
Annual plants such as Arabidopsis only produce flower once in a lifetime after transition from 
juvenile to adult phase, followed by senescence and death. However, for perennial species, in addition 
to the temporal transition from juvenile vegetative to adult reproductive phase, the plant experiences 
an annual vegetative-to-flowering, or phenological, cycle.  This cycle is tightly controlled in response 
to favorable environmental and seasonal conditions to optimize the chances of reproductive success 
each year. 
1.2 Phase change and phenology in subtropical horticultural crops 
A number of horticultural tree crops important to Australian and global agriculture are negatively 
affected by long juvenile phases in terms of productivity optimization (flowering/fruiting time) and 
high density sustainable farming (tree structure/size) [15, 16]. These crops are also often affected by 
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yearly variations in their flowering timing and intensity affecting fruit load and thus productivity. 
This thesis focuses on three such tree crops; avocado, mango and macadamia, which are important 
high-value foods adapted to subtropical/tropical growing regions. In each of these species, no visible 
heteroblastic changes can visually delimit vegetative phase transition. However, each of these species 
experiences a significantly long juvenile phase affecting breeding and productivity. Moreover, once 
they attain reproductive competency, variations in their yearly phenology cycles dictates orchard 
productivity. 
1.2.1 Avocado 
Avocado (Persea americana) is an important cash crop and belongs to the Lauraceae family [17]. 
Total world production of avocado was 5.6 million tonnes in 2016. Mexico is the current leader in 
avocado production accounting for 34% (1.89 million tonnes) of total world production on an 
estimated area of 220,334 hectares. Other leading producing countries are the Dominican Republic, 
Peru, Indonesia, and Colombia [18]. 
Avocado is a dicotyledonous plant originating from Central America and southern Mexico [19]. 
Avocado is botanically classified into three cross-pollinated horticultural races: West Indian, Mexican 
and Guatemalan. These races are thought to have originated from a common ancestor and have the 
same chromosome number, 2n = 24. [19-22]. There is no sterility barrier among these avocado races, 
thus the trees grown close by readily hybridize and provide much needed genetic diversity [19]. This 
results in avocado cultivars with a hybrid background, e.g., ‘Hass’, a dominant avocado cultivar 
grown, is mainly Guatemalan, but presumably has 15% Mexican background [23].  
‘Hass’ is the most popular commercial cultivar around the globe and in Australia [15, 19]. Hass and 
other commercial fruiting cultivars are usually grown as grafted trees, where mature shoots (mature 
scionwood) from a commercial variety are combined with roots of a cultivar (rootstock) that is more 
adapted to the soil [24]. This is due to the long juvenile phase, high level of heterozygosity and 
irregular bearing in trees grown from seeds [15]. If grown via seeds, the avocado trees can take up to 
ten years before they bear fruits. In Australia, ‘Ashdot’, ‘Velvick’ and ‘Reed’ are the most popular 
rootstock cultivars used for commercial production of ‘Hass’ trees [19, 25]. The major obstacle to 
avocado breeding programs is the long juvenile phase, heavy fruit drop, single seed per fruit and large 
tree size [19, 26]. 
Avocado ‘Hass’ has a predictable annual cycle, but there can be variation in the annual cycle with 
respect to the environment. Avocado leaves grow in two vegetative flushes annually - spring leaves 
and summer leaves [27]. Flowering usually starts in winter to early spring and reaches its peak in 
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spring, with Fruit growth starting from late-spring. Approximately nine months are required for 
avocado fruit to mature and ready for harvesting. The usual harvesting time for Hass is at the start of 
winter [27]. 
1.2.2 Mango 
Mango (Mangifera indica) is thought to have originated from the rainforests of South and Southeast 
Asia (Litz, 2009). The Malay peninsula contains the largest distribution of Mangifera species [28]. 
M. indica can be divided into two subspecies based on the center of diversity and mode of 
reproduction: (a) Indian - subtropical with a monoembryonic seed and (b) Southeast Asian – tropical 
with polyembryonic seeds [28]. Commercial cultivation of mango is practiced across tropical and 
subtropical areas around the globe [29]. Generally, most of the commercial cultivars belong to 
Mangifera indica, but a few cultivars originated from M. sylvatica, M. caesia, M. griffithi and M. 
foetida are cultivated mostly in Southeast Asia [28, 29]. India leads world mango production (34%), 
while other major mango-producing countries include China, Thailand, Indonesia, Pakistan, Mexico 
and Brazil [18].   
‘Kensington pride’ is the most popular mango cultivar in Australia [16]. It is a polyembryonic cultivar 
and accounts for approximately 80% of Australian commercial mango production [30]. Mango trees 
are usually grown as grafted trees; however, Kensington pride can be grown as seedling trees. 
Kensington pride grown from seed starts flowering in about 3-4 years, while grafted trees usually 
start flowering from the first year after planting in the field [30].  
The typical flowering season starts in winter or early spring and the tree remains in the flowering 
stage for four to six weeks. The fruit takes approximately four-to-five months to mature. There are 
two dormant periods of growth in the annual cycle – a primary dormant period in winter due to cold 
temperature and a second shorter period soon after the fruit harvest. The winter dormant period is 
critical for flowering induction and fruit set [16]. Depending on the cultivar, there is a 3-7 year period 
of juvenile phase in mango trees grown from seeds [16] [28, 30]. Mango is a difficult species with 
regards to breeding improvement mainly due to its long juvenile phase, single seed per fruit, 
polyembryony in tropical cultivars, heavy fruit drop and heterozygosity [31]. 
1.2.3 Macadamia 
Macadamia belongs to the family Proteaceae and is native to Australia and Queensland [32]. It is the 
only native edible crop of Australian origin that has been adopted for commercial production 
(Australian Macadamia Society, 2015). It is primarily grown for its edible nut. Apart from Australia, 
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it is also commercially grown in Hawaii and South Africa. Tree height ranges from 2 to 20 m 
depending on cultivar and species. Macadamia integrifolia and Macadamia tetraphylla are the most 
widely grown species in Australia (http://www.environment.gov.au/cgi-
bin/sprat/public/publicspecies.pl?taxon_id=7326). Macadamia is usually propagated through 
cuttings, which are clonal or grafting. Macadamia has a considerably long juvenile period of about 
six years and starts producing a commercial crop ten years after planting (if grown as ungrfated tree) 
[33] (http://www.environment.gov.au/cgi-bin/sprat/public/publicspecies.pl?taxon_id=7326; 
crfg.org). ‘H2’ is the most common cultivar used as rootstock and HAES-741 and A203 are preferred 
scion cultivars for commercial production [33].  
Macadamia experiences two vegetative flushes annually – the spring flush and a smaller autumn 
flush. The spring flush builds up the energy required for oil accumulation in the nut, while an autumn 
flush is critical for the next season’s flowering [33]. Flowering usually starts in late winter, reaches 
its peak in spring and is completed in late-spring [33]. Macadamia flowers profusely, however, less 
than 1 % of flowers develop into nuts [34]. Nut development starts in late-spring and it takes 
approximately 5 to 6 months for maturity. Nut drop (harvest) usually happen in late-summer to 
autumn.  
Although the phenotypical expression of phase change and phenology in these crops has been well 
documented, the underlying molecular mechanisms controlling these phenomena remain unknown 
for many tree crops.  Most molecular research to date regarding developmental phase change has 
been done in annual crops, especially in Arabidopsis thaliana [35-37], Brassica spp. (cabbages) [38], 
Oryza sativa (rice) [39], Solanum lycopersicum (tomatoe) [40] and Torenia fournieri (wishbone 
flower) [41]. This has started to identify key molecular controls that integrate the environment and 
the plants innate developmental planning to coordinate best reproductive success. Limited research 
in perennial trees was conducted by Wang et al., (2011) in Acacia confuse (Acacia), Eucalyptus 
globulus (Eucalyptus), Hedera helix (English ivy), Quercus acutissima (sawtooth oak) and Populus 
x canadensis (poplar) [10]. An investigation of the molecular mechanisms involved in vegetative 
phase transition in horticultural tree crops with long juvenile periods will provide guidelines for 
improvement of production for these horticultural crops. 
1.3 Molecular Control of Phase Change 
1.3.1 microRNAs 
The emergence of RNA interference (RNAi) in molecular biology over recent years has transformed 
the thinking towards gene regulation. This phenomenon is highly conserved in most eukaryotic cells; 
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wherein small RNAs (20-24 nt) negatively regulate gene expression by targeting complimentary 
messenger RNA (mRNA) molecules for degradation through interaction with a specific protein 
complex called RNA induced silencing complex (RISC). Stuitje and Napoli first reported RNAi in 
two separate experiments in which the aim was to overexpress Chalcone synthase (CHS) (responsible 
for the violet coloration of petals) in petunia. However, instead of getting more violet petunia some 
of these transgenic plants produced petals devoid of color (white petunia) because of gene silencing 
[42, 43]. Ever since these initial reports, research on small RNAs and RNAi has increased rapidly. 
Small RNAs are classified into three main groups: small/short interfering RNAs (siRNAs), 
microRNAs (miRNAs) and piwi-interacting RNAs (piRNAs) [44]. The main focus of this review will 
be on miRNAs which are known to be involved in regulating specific endogenous gene expression 
by targeting specific mRNAs. 
miRNAs are endogenous, single-stranded non-coding RNAs of 20–24 nucleotides in length. They 
regulate eukaryotic gene activity post-transcriptionally by down-regulating their target genes. They 
were discovered in the 1990s in Caenorhabditis elegans when researchers were working on a gene 
responsible for regulation of developmental timing [45].  miRNAs function by binding to a specific 
mRNA having miRNA complementary binding site, causing mRNA sequence degradation and/or 
translational repression of the specific target. Reinhart et al. (2002) were the first to suggest that 
miRNAs are present in plants [46]. Since then it has been revealed that miRNAs are involved in 
regulating many aspects of plant biology, e.g. hormonal response, metabolism, in addition to biotic 
and abiotic stress [47-49].  
Understanding miRNA biogenesis is important with regard to their role in regulating plant 
development (Figure 1.2). Primary miRNA transcripts (pri-miRNA) are first transcribed by RNA 
polymerase II and proceed to form an imperfect fold-back hairpin like structure which is variable in 
length, ranging from about 70 to a few hundred nucleotides [50, 51]. The pri-miRNAs are then 
stabilized by a nuclear RNA binding protein DAWDLE (DDL) [52], to help pri-miRNA conversion 
into a stem loop structure precursor miRNA (pre-miRNA) in nuclear processing centres (D-bodies).  
This pre-miRNA is then cleaved by the RNase III-like enzyme DICER-LIKE1 (DCL1) takes place in 
the nuclear processing centre [53, 54]. This processing is aided by the double-stranded RNA binding 
protein HYPONASTIC LEAVES1 (HYL1), RNA-binding protein TOUGH (TGH), nuclear Cap-
Binding Complex (CBC) and C2H2 zinc finger protein SERRATE (SE) [53, 55, 56]. The pre-miRNA 
then gets processed a second time by DCL1 resulting in the mature double-stranded miRNA/miRNA* 
complex of approximately 22 nt in length. Both strands of miRNA/miRNA* complex are 2’-O-
methylated at the 3′ ends with the help of HUA ENHANCER 1 (HEN1) protein [57, 58]. The main 
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function of HEN1 is to stabilize the miRNA/miRNA* complex as methylation prevents uridylation 
and degradation of miRNA by a class of exonucleases known as SMALL RNA DEGRADING 
NUCLEASE (SDN). This was evident from hen1 mutants which exhibited developmental defects 
[59-61]. The HASTY protein, a homolog of Exportin 5, transports this small RNA duplex complex 
from the nucleus to the cytoplasm. The antisense miRNA* is then degraded in the cytoplasm while 
the mature miRNA is incorporated into an RNA induced silencing complex (RISC). This complex, is 
a ribonucleoprotein complex, contains Argonaute (Ago) proteins. These Ago proteins play a role in 
mature miRNA/guide strand selection and possess endonuclease activity against the target mRNA. 
AGO–miRNA within RISC recognizes the target mRNA which ultimately results in either transcript 
cleavage (target degradation) or translational repression of target mRNA [62]. It has been documented 
that AGO1 acts as a slicer whereby the miRNA directs it to catalyze mRNA cleavage, however, the 
mechanism of repression is yet unclear. 
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Figure 1.1 The microRNA biogenesis pathway in plants [59]. 
The miRNA biogenesis pathway is important as many miRNAs are actively involved in plant 
development. This is evident from ago1 and dcl1 mutants in which widespread phenotypic alterations 
were observed in leaf/flower morphology, partial female sterility, flowering time and floral organ 
development [63-67]. Similar phenotypic defects were also observed in hasty and hen1 mutants in 
which miRNA biogenesis pathways were compromised [68, 69]. 
1.3.1.1 microRNAs in Plant Development 
Key miRNAs that are master regulators of gene expression, especially in developmental patterning 
include miR156, miR159, miR160, miR164, miR165/66, miR167, miR171 and miR172. miR156 is 
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an important miRNA family which targets mRNAs of SBP-Like transcription factors (TFs) and has a 
major role in juvenile phase regulation and is also involved in flowering time [70]. miR159 has been 
shown to have a critical role in hormone signalling and flowering. miR159 regulates gene expression 
by targeting TEOSINTE BRANCHED1/CYCLOIDEA/PROLIFERATING CELL FACTOR1 (TCP) 
TFs and the MYB proto-oncogene (MYB) TFs [70, 71]. miR160 has involved in root development and 
auxin signalling by targeting Auxin response factor (ARF) TFs [72].  miR164 is reported to be 
involved in organ formation and meristem development and regulates the CUP-SHAPED 
COTYLEDON1 (CUC1/2/3) genes of NAC-domain TFs [73]. miR165/166 targets the PHABULOSA, 
PHAVOLUTA and REVOLUTA TFs and regulates shoot apical meristem development [74]. miR167 
is involved in hormone signalling while miR171 regulates organ development by targeting the 
SCARECROW-LIKE transcription factor family [75, 76]. miR172 is known to be involved in juvenile 
to adult phase change and regulation of flowering by targeting the APETALA2-like genes [70]. 
Another microRNA, miR398, is involved in oxidative stress regulation [77], while miR399 regulates 
the phosphorous starvation response [78]. Moreover, there are reports that some miRNAs regulate 
many functions simultaneously, e.g. miR156 was demonstrated to regulate the response to stress in 
addition to flowering time and juvenile phase maintenance in plants [37]. Interestingly, some miRNAs 
are involved in the regulation of other miRNAs. These include miR162, miR168 and miR403, which 
target DCL1, AGO1 and AGO2, respectively [65, 79, 80]. In this review, I will discuss more on the 
role of miR156 and miR172, their targets and their regulation of phase transition and flowering in 
plants. 
1.3.1.2 miR156: The master regulator of juvenility and phase transition 
The miR156 family is one of the most conserved plants miRNA families and was first reported by 
Reinhart el al. (2002) in Arabidopsis [46]. Since then it has been reported in many diverse plant 
species ranging from small herbaceous to woody trees [10, 81]. In Arabidopsis, MIR156a-f, 
MIR156g-h and MIR157a-d are amongst a number of loci which encode for miR156 and its isoforms 
[80, 82]. A study conducted by Breakfield et al. (2012) suggests that Arabidopsis mature miR156 
originates from AtMIR156a-j (a total of 10 gene loci) [83]. Various recent studies suggest that miR156 
plays an important role in the regulation of developmental transition including vegetative phase 
change and flowering [84-86].  
Apart from its vital role in vegetative phase change, miR156 possesses multiple roles in lateral root 
development, panicle size, shoot development, flowering, branching and biomass production. 
Overexpression of miR156 results in more lateral roots, while low miR156 expression leads to fewer 
lateral roots [87]. Overexpression of miR156 (OsmiR156b and OsmiR156h) in rice leads to the 
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reduction in panicle size and stature accompanied by a delay in flowering [88]. In a recent study 
conducted by Yu et al., (2013) it was shown that miR156a and miR156c play a dominant role in the 
determination of flowering time [89].  
miR156 is known to be involved in regulating juvenile-to-adult phase change in many plant species 
such as Arabis alpine (Alpine rock-cress), Arabidopsis thaliana, Brassica rapa (field mustard), 
Cardamine flexuosa (Wavy Bittercress), Solanum lycopersicum (tomato), Solanum tuberosum 
(potato), Zea mays (maize) and Populus x canadensis [10, 35, 36, 90, 91]. Previous studies have 
revealed that miR156 expression is highest during the seedling stage, then gradually decreases as 
development progresses towards the adult phase [36, 39, 88, 89]. Overexpression of miR156 results 
in prolonged expression of juvenile vegetative traits and a late-flowering phenotype, while 
inactivation or downregulation results in early flowering. Overexpression of miR156 has been 
suggested to result in a significant delay in flowering [70]. 
Franco-Zorrilla et al. (2007) demonstrated using target mimicry constructs that a significant reduction 
of miR156 activity results in early flowering [92]. In a similar experiment, Wu et al. (2009) were able 
to show the loss of juvenile characters and production of adult leaves with abaxial trichomes in 
Arabidopsis thaliana resulted from reduced miR156 expression [36]. A mutant in maize, Corngrass1 
(CG1) produces abundant juvenile leaves. Overexpression of CG1 (Corngrass1) in Zea mays has 
been reported to result in prolonged juvenility and delay in flowering. This is attributed to a tandem 
miR156 locus overexpression associated with Zma-miR156b and Zma-miR156c [93]. Chuck et al. 
(2011) observed that flowering was completely subdued/ inhibited even after two years of growth 
when attempts were made to overexpress maize CG1 miR156 in switchgrass (Panicum virgatum) 
[94]. It is clear that high levels of miR156 promote juvenility, while a decline in miR156 levels 
facilitates vegetative-to-flowering phase transition. miR156 transcript abundance can also act as a 
marker in relation to phenotypic changes in determining plant developmental stage. 
miR157 has a similar function to miR156 and is sometimes referred to as an isoform of miR156. Wu 
and Poethig (2006) were able to show that in Arabidopsis, 4 loci (AtMIR157a-d) are responsible for 
the generation of AtmiR157, which possesses a high sequence identity to miR156[37]. miR157 is 21 
nucleotides in length while miR156 is 20 nt and are structurally very similar.  Shikata et al. (2009) 
demonstrated that overexpression of miR157 in Arabidopsis results in delayed phase transition and 
bushy architecture of the plant [95]. Recent evidence suggests miR157 is conserved in Torenia 
(Torenia fournieri), a model horticultural plant [41]. The authors also observed juvenile traits and 
bushy plants when miR157 was overexpressed. 
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1.3.1.3 miR156 Targets: The SQUAMOSA PROMOTER BINDING PROTEIN-LIKE 
(SBPs/SPLs) Family 
The SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL/SBP) protein family was first 
discovered by Klein et al. (1996) in Antirrhinum majus in which SBP1 and SBP2 bind to the promoter 
region of SQUAMOSA (conserved floral identity gene) and are involved in early flower development 
[96]. These are defined by their SBP domain/box, which is a highly conserved DNA binding domain 
of about 76 amino acids [97]. SPL genes regulate many aspects of plant life, including vegetative 
phase change, inflorescence architecture, fruit development, grain morphology, leaf initiation and 
pollen development [35, 37, 98, 99].  
SPL proteins in Arabidopsis vary in size - proteins can be as large as 927 amino acids (a.a.) 
(AtSPL12), and as small 127 a.a. in the case of AtSPL3 [100]. Many SPL genes have a miRNA 
responsive element (MRE)/binding site which strongly suggests that these SPL genes have substantial 
interaction with miRNAs. The location of these MREs differs according to SPL gene family member 
[35, 76, 101]. Gandikota et al. (2007) were able to demonstrate that SPL3, SPL4 and SPL5 have a 
miR156 MRE in their 3'-UTR region in Arabidopsis thaliana. These MREs are highly complementary 
with miR156 but sometimes show 1-3 nt mismatches with the miRNA [102].  All other miR156 
targeted SPL transcripts possess MRE target sites in their coding region [101]. 
miR156 regulates its target genes by both translational repression and transcript cleavage of SPL 
genes. Cleaved SPL genes with complimentary sequences are cut at specific positions in a way such 
that high levels of miR156 usually result in a reduction in SPL mRNA levels [88, 93]. Consistent with 
this, as the plant progresses in its life cycle the expression of these SPL genes increases and miR156 
expression levels decrease which suggests a negative correlation between the two [35, 37, 70]. 
Evidence that miR156 is responsible for translational inhibition of an SPL gene was reported by 
Ganidikota et al. (2007) in 35s::SPL3 seedlings – SPL3 protein levels remained the same even though 
SPL3 mRNA level was increased suggesting inhibition of protein levels post-transcriptionally [101].   
Previous studies have suggested that 10 out of 16 SPL genes in Arabidopsis thaliana and 11 out of 
19 SBP genes in Oryza sativa (rice) have complimentary sites to, and are regulated by, miR156 [37, 
70, 88, 99, 102]. Xie et al. (2006) performed a phylogenic relationship study between the 19 SPL 
gene family members in rice [88]. Such studies on SPL phylogenic relationships have facilitated 
explanations of their possible mechanism and function in plant developmental phase transition [35, 
103, 104]. Guo et al. (2008) placed miR156 targeted SPL genes into different clades using 
phylogenetic analysis – These are: SPL2/SPL10/SPL11, SPL3/SPL4/SPL5, SPL6/SPL13 and 
SPL9/SPL15 [103].  
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These SPL genes are expressed at different developmental stages during the plant life cycle and in 
numerous plant tissues. Schwarz et al. (2008) demonstrated that no strong phenotype was observed 
for SPL9 or SPL15 single loss-of-function mutants [105]. Interestingly, double mutants for these two 
SPL genes overexpress miR156 suggesting that there may be a role of these SPL genes in juvenile-
adult phase change [35, 105]. Furthermore, Schwarz et al. (2008) postulated that besides their role in 
phase transition, SPL9 and SPL15 have a role in flowering with respect to photoperiod compatibility 
[105]. Significant work done by Wu and Poethig (2006) reveals that rSPL4 (miR156-resistantSPLs) 
and rSPL5 overexpression promote flowering in Arabidopsis thaliana [37].  
Table 1.1 miR156 target genes. 
Gene Function References 
SBP1 Promote flowering [106] 
SPL2 Leaf shape and shoot maturation [95] 
SPL3 Promote flowering [35] 
SPL4 Promote early flowering [36] 
SPL5 Promote flowering [36] 
SPL9 
Promote vegetative phase transition, 
regulate trichome development   
[35, 36] 
SPL10 Leaf shape  [95] 
SPL11 Leaf shape [95] 
SPL13 Negative regulator of leaf in cotyledon stage [107]     
SPL15 Shoot maturation [105] 
Corngrass1 (Cg1) Promotes juvenile phase [93] 
COLORLESS NON-
RIPENING Promotes fruit ripening [108] 
SBP3 
Negative regulator of vegetative 
development transition  [109] 
Teosinte glume 
architecture1 (tga1) Promote flowering  [93] 
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1.3.1.4 miR172 
Apart from miR156, another highly conserved plant miRNA family is miR172, which is known to be 
involved in vegetative phase change and flowering. The length of mature miR172 is 21 nt and it 
targets APETALA2 (AP2)-like transcription factor genes (Table 2); APETALA2 (AP2), TARGET OF 
EAT1 (TOE1), TARGET OF EAT2 (TOE2), TARGET OF EAT3 (TOE3), SCHNARCHZAPFEN (SNZ) 
and SCHNARCHZAPFEN (SNZ) [67, 70, 110]. Initially, it was suggested that miR172 regulates its 
target genes via transcriptional repression, but evidence suggests that it can also cause target mRNA 
degradation [110, 111]. The MIR172 loci that encode miR172 precursors were first identified in 
Arabidopsis through small RNA sequencing and cloning (Park et al., 2002). Since then several loci 
have been identified that encode miR172 precursors, i.e. MIR172a, MIR172b, MIR172c, MIR172d 
and MIR172e.  
There are five known miR172 genes in Arabidopsis (MIR172a-e). As the plant enters into the 
reproductive phase the expression of MIR172a, MIR172b, and MIR172c increases while the 
expression of remaining two MIR172 genes, i.e., MIR172d, MIR172e is age-dependent and can be 
very low [111]. The authors further suggest that miR172 expression seems to be dependent on 
photoperiod. In rice seedlings, all four known MIR172 genes are expressed, however, in grains 
MIR172c was not detected [112, 113]. Therefore, expression of miR172 family members may depend 
on tissue type and developmental stage.  
Table 1.2 miR172 target genes and their functions. 
Gene Function References 
AP2 Floral homeotic gene and flowering repressor [114] 
AP2a Fruit ripening regulation [115] 
Gl15 Promote juvenile characters  [116] 
TOE1 
Repress flowering [110, 111, 114] 
TOE2 
Repress flowering [110, 111, 114] 
TOE3 Repress flowering [111, 114] 
SMZ Repress flowering [111, 114] 
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SNZ Repress flowering [111, 114] 
Tasselseed4 
(Ts4) 
Regulate AP2 TFs, sex determination and 
meristems  [93] 
Ts6 determinate spikelet meristem [93] 
Cleistogamy1 
(Cly1) Cleistogamy promoter [117] 
 
The role of miR172 during vegetative phase change and in plant development has been further 
explored. The mature miRNA level of miR172 increases with plant age and is associated with is 
anticorrelated with miR156 transcript abundance such that when the level of miR156 starts 
decreasing, the level of miR172 increases. miR156 indirectly regulates miR172 activity via SPL 
(SPL9/10) transcripts [5]. In Arabidopsis, after germination, the expression of miR172 steadily 
increases and continues as plants move from juvenile to adult phase transition. Jung et al. (2014) have 
suggested that miR172 regulates the juvenile-adult phase transition in Arabidopsis [118].  
miR172 has been shown to negatively regulate GL15 (glossy15), which functions to promote the 
maintenance of the juvenile state. Increasing GL15 activity leads to an increase in the number of 
leaves with juvenile characteristics and delays flowering [116]. GL15 contains the binding site for 
miR172 necessary for GL15 mRNA degradation and downregulation of GL15 is required for maize 
plant juvenile to adult phase transition. Overall a model has been presented where initially in plant 
growth, miR156 is highly expressed, which results in low levels of the SPL-regulated miR172 and 
high levels of GL15. As the plant grows older, the level of miR156 decreases, which results in high 
levels of miR172 ultimately leading to downregulation of GL15 [36]. 
1.3.1.5 miR172 Targets: APETALA2 (AP2) Family Transcription Factors 
In Arabidopsis, miR172 targets transcripts of six genes which encode transcription factors; these are 
APETALA 2 (AP2), TARGET OF EAT1 (TOE1), TOE2, TOE3, SCHLAFMUTZE (SMZ) and 
SCHNARCHZAPFEN (SNZ). These genes are negatively regulated by miR172 and function as a 
repressor of flowering [67, 110, 119]. APETALA 2 (AP2) is a floral homeotic gene and miR172 
regulates its expression through translational inhibition. It has been shown that miR172 acts via 
translational repression to regulate APETALA 2 during Arabidopsis flower development [119]. Later 
on, it was suggested by Yant et al. (2010) that AP2 also works as a flowering repressor apart from its 
role in floral patterning [114]. In Arabidopsis TARGET OF EAT1 (TOE1) is known to be involved in 
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the regulation of photoperiodic flowering induction [111]. Aukerman and Sakai (2003) suggest that 
TOE1 and TOE2 are likely to be involved in flowering time control in Arabidopsis [110]. They also 
suggested that miR172 overexpression represses TOE1 and TOE2 transcript levels, resulting in an 
early flowering phenotype. TOE3 acts with miR172 differently as compared to other targets as there 
was no delay in flowering when it was overexpressed [111]. In Arabidopsis, it was shown that TOE3 
plays an important role in flower patterning and flower development [118]. Mathieu et al. (2009) 
were able to show that SMZ binds to the FLOWERING LOCUS T (FT) locus directly [120]. Florigen 
FT belongs to the phosphatidylethanolamine-binding proteins (PEBPs) family and is the central 
regulator of flowering in plants [121]. This shows that SMZ also has some role in flower development 
and similarly in the case of SNZ which also represses flowering [111].  In another study, it was 
reported that there was a significant delay in flowering when SMZ is overexpressed [114]. As all AP2-
like genes are flowering repressors, and the expression pattern of these genes has an inverse 
correlation with miR172, Aukerman and Sakai (2003) suggested that miR172 and its targets also play 
a role in flowering as they found MIR172b to be responsible for an early flowering mutant [110]. 
1.4 Model for genetic control of vegetative phase transition and flowering 
Figure 1.4 illustrates the phase transition and flowering pathway in Arabidopsis [5, 11, 122]. During 
the early seedling stage, the expression level of miR156 is very high, resulting in low SPL expression 
- as a result, juvenility is maintained. As plants start maturing the level of miR156 starts to decline 
allowing production of SPL9 and SPL10 proteins. In Arabidopsis, the regulatory connection between 
miR156 and miR172 is mediated by SPL9 and SPL10. The increase in SPL9/10 results in increased 
level of miR172 expression in the plant, which consequently results in repression of AP2-like genes 
(AP2, TOE1, TOE2, TOE3, SMZ and SNZ). These miR172 targets are flowering repressors. Other 
than SPL9/10, miR156 also represses SPL3, SPL4 and SPL5, which promote flowering. As miR156 
levels start declining, the level of these SPL genes starts increasing, which in combination with 
increased miR172 level, marks the transition from juvenile to adult phase and makes the plant 
competent to flower.  
Once a plant becomes competent to flower, vegetative meristems must switch identity to floral 
meristems, involving a large number of molecular changes. These changes also involve a change in 
transcript level of miR156 and miR172, where miR156 level significantly reduced resulting in an 
increase in miR172 transcript level [5]. This together with their target transcripts regulation makes a 
favorable condition for florigen FT, which is a major player in flowering. In Arabidopsis under LD 
conditions, FT is activated by CONSTANS (CO) downstream of the photoperiodic pathway in the 
leaves [123, 124]. FT is shown to be a mobile signal which is produced in the leaves and gets 
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transported to the shoot apical meristem, where it induces flowering [125]. There it binds with 
Flowering Locus D (a bZIP transcription factor) to form FT-FD complex and activates SUPPRESSOR 
OF OVEREXPRESSION OF CO1 (SOC1) expression (another floral integrator). SOC1 is a member 
of the MADS-box gene family and functions in regulating flowering time and floral patterning [126]. 
FT/CO activity positively regulates SOC1 [127] [128]. Moreover, SOC1 regulation via gibberellin 
[129], and the age-dependent pathway [126] was also documented.  
Short Vegetative Phase (SVP) in Arabidopsis and Dormancy Associated MADS-box transcripts 
(DAM) in perennial plants, are the negative regulators of flowering and encodes MADS-box TF. SVP 
alongside Flowering Locus C (FLC), forms a complex that binds to the promoter region of FT and 
SOC1 and repress flowering [126]. Interestingly, SOC1 can bind to the regulatory region of SVP to 
repress its activity [130]. Moreover, it has been suggested that SOC1 can also bind to the promoter 
region of SPL3/4/5 and positively regulates their activity independent of miR156 pathway [131]. 
Together, FT, SOC1 and SPL3/4/5 activate downstream floral meristem identity genes, LEAFY (LFY), 
APETALA 1 (AP1) and FRUITFUL (FUL) [131-133]. SPL3/4/5 can directly bind to promoter region 
to activates AP1, FUL and LFY in the presence of FT-FD complex [132, 133]. The floral homeotic 
transcript AP1 is an important player in the reproductive transition and floral meristem development 
[134-136]. 
Yang et al. (2011) suggest that a leaf-derived mobile signal mediates the juvenile-adult phase 
transition in Arabidopsis [137]. This mobile signal was later identified as sugar-signal and it affects 
various heteroblastic features [89]. It is only very recent that a study has demonstrated that Trehalose-
6-Phosphate Synthase 1 (TPS1), a key enzyme in the T6P pathway, is essential for flowering in plants 
[138]. T6P pathway involved in the flowering regulation at two sites in the plants, in the leaves where 
it is required for the induction of FT and in the shoot apical meristem alongside sucrose regulates 
miR156 and SPL3/4/5 abundance [138]. 
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Figure 1.2 Vegetative phase change in Arabidopsis (constructed using information from [5, 11, 122]). 
1.5 Long distance signalling in plants and graft transmissibility 
The research activities in recent time have suggested RNA and protein long distance 
signalling/transport via phloem cells. Very first evidence of signalling across graft union was 
observed in Nicotiana tabacum L. where gene silencing effects were transmitted from silenced stock 
to non-silenced scion [139]. Phloem sap analysis in various studies demonstrated the presence of 
RNA molecules, which suggested their mobility [140, 141]. More recently, heterograft experiments 
in Arabidopsis and Nicotiana benthamiana suggested that over one hundred mRNA transcripts 
exhibited movement across the graft junction [142]. This movement of RNA molecules is 
bidirectional, i.e., from root to shoot as well as from shoot to root [143]. This movement/exchange of 
mRNA molecules across the graft union was also demonstrated in perennial plants like grapevine 
[144]. 
Apart from mRNA mobility, recently it has been suggested that smallRNA molecules can be 
transported by phloem cells as well [145]. Of these smallRNA molecules, miRNAs are shown to be 
graft transmissible [146]. miRNAs were shown to be involved in the graft-signalling to regulates 
abiotic and biotic cues like drought response and tuberization [147, 148]. More importantly, graft-
transmissibility of juvenility and flowering associated miRNAs (miR156 and miR172) has been 
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recently suggested in potato [148, 149].  
1.6 Conclusion 
Long juvenile phase poses serious hindrance in crop selection and improvement in horticultural tree 
crops as productivity traits depends on tree ability to attain reproductive status. In order to optimize 
commercial productivity, it is therefore essential to know in depth about the factors that are 
responsible for this long juvenile phase. Among various endogenous and exogenous stimuli, miRNAs 
are being shown to be central to phase transition in plants. By profiling these relevant miRNAs and 
their putative target genes during different developmental stages in avocado, mango and macadamia 
we can develop a better understanding of the mechanism involved in vegetative and reproductive 
phase transition. 
1.7 PhD Aims 
In this PhD project, phase change and flowering associated miRNAs and their target genes were 
characterized for their association with phase change in avocado, mango and macadamia using 
quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) (Chapter II). Moreover, key floral 
genes were profiled across different seasons and flowering cycles (two annual cycles) to explore crop 
phenology in avocado and macadamia (Chapter IV). Given that grafting is employed for the 
commercial production of these trees, and microRNAs and various other juvenility factors are thought 
to be mobile, the effect of the rootstock on microRNA and target gene levels in the scion of grafted 
plants was also examined (Chapter III). This is the first study of its kind for these important 
horticultural crops describing the molecular regulation of complex events that are essential for crop 
improvement and production. The information generated by this PhD thesis will serve as the base 
point for further research and will help in developing future strategies in managing these tree crops. 
1.8 References 
1. Jones CS: An Essay on Juvenility, Phase Change, and Heteroblasty in Seed Plants. 
International Journal of Plant Sciences 1999, 160(S6):S105-S111. 
2. Stokes P, Verkerk K: Flower formation in Brussels sprouts: Veenman; 1951. 
3. Zimmerman RH: SESSION III - JUVENILITY - JUVENILITY AND FLOWERING OF 
FRUIT TREES. In: 1973. International Society for Horticultural Science (ISHS), Leuven, 
Belgium: 139-142. 
4. Tsukaya H: Leaf Development. The Arabidopsis Book 2013:e0163. 
5. Huijser P, Schmid M: The control of developmental phase transitions in plants. Development 
2011, 138(19):4117-4129. 
19 
 
6. Telfer A, Bollman KM, Poethig RS: Phase change and the regulation of trichome distribution 
in Arabidopsis thaliana. Development 1997, 124(3):645-654. 
7. Poethig RS: Phase change and the regulation of developmental timing in plants. Science 2003, 
301(5631):334-336. 
8. James SA, Bell DT: Leaf morphological and anatomical characteristics of heteroblastic 
Eucalyptus globulus ssp. Globulus (Myrtaceae). Australian Journal of Botany 2001, 
49(2):259-269. 
9. Jaya E, Kubien DS, Jameson PE, Clemens J: Vegetative phase change and photosynthesis in 
Eucalyptus occidentalis: Architectural simplification prolongs juvenile traits. Tree Physiology 
2010, 30(3):393-403. 
10. Wang JW, Park MY, Wang LJ, Koo Y, Chen XY, Weigel D, Poethig RS: MiRNA control of 
vegetative phase change in trees. PLoS Genetics 2011, 7(2). 
11. Wang H, Wang H: The miR156/SPL module, a regulatory hub and versatile toolbox, gears up 
crops for enhanced agronomic traits. Molecular Plant 2015, 8(5):677-688. 
12. Poethig RS: Vegetative phase change and shoot maturation in plants. In: Current topics in 
developmental biology. vol. 105: Elsevier; 2013: 125-152. 
13. Matsoukas IG, Massiah AJ, Thomas B: Florigenic and antiflorigenic signaling in plants. Plant 
and Cell Physiology 2012, 53(11):1827-1842. 
14. Matsoukas IG: Interplay between sugar and hormone signaling pathways modulate floral 
signal transduction. Frontiers in Genetics 2014, 5(AUG). 
15. Newett S, Whiley A, Dirou J, Hofman P, Ireland G, Kernot L, Ledger S, McCarthy A, Miller 
J, Pinese B: Avocado Information Kit. Dept of Primary Industries, Queensland Horticulture 
Institute Agrilink Series QAL9906 Section 2001, 4:58-64. 
16. Meurant N, Kernot I: Mango information kit. 1999. 
17. Barceló-Muñoz A, Pliego-Alfaro F: Micropropagation of Avocado (Persea americana Mill.). 
In: Micropropagation of Woody Trees and Fruits. Springer; 2003: 519-542. 
18. STAT F: Food and Agriculture Organization Statistical Database. Retrieved February 2017, 
27:2017. 
19. Schaffer B, Wolstenholme BN, Whiley AW: The avocado : botany, production and uses, 2nd 
ed.. edn: Cambridge, MA : CABI; 2012. 
20. Silva TA, Ledesma N: Avocado history, biodiversity and production. In: Sustainable 
horticultural systems. Springer; 2014: 157-205. 
21. Storey W, Bergh B, Zentmyer G: The origin, indigenous range and dissemination of the 
avocado. Calif Avocado Soc Yearb 1986, 70:127-133. 
22. Scora R, Wolstenholme B, Lavi U: Taxonomy and botany. The avocado: botany, production 
and uses 2002:2-31. 
23. Bergh B: The origin, nature, and genetic improvement of the avocado. Calif Avocado Soc 
Yearbook 1992, 76:61-75. 
24. Ben-Ya’acov A: Avocado rootstock-scion relationships: A long-term large-scale field research 
project. California Avocado Soc Yrbk 1972, 55:158-161. 
25. Le Lagadec D: Field evaluation of superior avocado rootstocks with ‘Hass’ as scions. 
Proceedings VII World Avocado Congress 2011 2011. 
20 
 
26. Newett S, McCarthy A, Dirou J, Miller J, Hofman P, Ireland G, Pegg K, Kernot I, Searle C, 
Ledger S: Avocado Information Kit. Agrilink, your growing guide to better farming guide. In.: 
Agrilink Series QAL9906. Department of Primary Industries; 2001. 
27. Dixon SNaJ: Avocado Tree Growth Cycle. 
http://wwwavocadosourcecom/journals/ausnz/ausnz_2009/newettsimon2009pdf  2009. 
28. Mukherjee S, Litz RE: Introduction: botany and importance. The mango: Botany, production 
and uses 2009(Ed. 2):1-18. 
29. Litz RE: The mango: botany, production and uses: CABI; 2009. 
30. Ngo H: profitability of mangoes in the Top End: Northern Territory Govt., Dept. of Business, 
Industry & Resource Development; 2002. 
31. Dinesh M, Vasugi C, Venugopal R: Heritability studies in mango (Mangifera indica L.). In: 
IX International Mango Symposium 992: 2010. 321-324. 
32. Trueman SJ: The reproductive biology of macadamia. Scientia Horticulturae 2013, 150:354-
359. 
33. O’Hare P, Stephenson R, Quinlan K, Vock N: Macadamia grower’s handbook.’. Queensland 
Department of Primary Industries and Fisheries: Nambour, Qld 2004. 
34. Sakai WS, Nagao MA: Fruit growth and abscission in Macadamia imtegrifolia. Physiologia 
Plantarum 1985, 64(4):455-460. 
35. Wang JW, Czech B, Weigel D: miR156-Regulated SPL Transcription Factors Define an 
Endogenous Flowering Pathway in Arabidopsis thaliana. Cell 2009, 138(4):738-749. 
36. Wu G, Park MY, Conway SR, Wang JW, Weigel D, Poethig RS: The Sequential Action of 
miR156 and miR172 Regulates Developmental Timing in Arabidopsis. Cell 2009, 
138(4):750-759. 
37. Wu G, Poethig RS: Temporal regulation of shoot development in Arabidopsis thaliana by 
miRr156 and its target SPL3. Development 2006, 133(18):3539-3547. 
38. Xu MY, Dong Y, Zhang QX, Zhang L, Luo YZ, Sun J, Fan YL, Wang L: Identification of 
miRNAs and their targets from Brassica napus by high-throughput sequencing and 
degradome analysis. BMC Genomics 2012, 13(1). 
39. Xie K, Shen J, Hou X, Yao J, Li X, Xiao J, Xiong L: Gradual increase of miR156 regulates 
temporal expression changes of numerous genes during leaf development in rice. Plant 
Physiology 2012, 158(3):1382-1394. 
40. Salinas M, Xing S, Höhmann S, Berndtgen R, Huijser P: Genomic organization, phylogenetic 
comparison and differential expression of the SBP-box family of transcription factors in 
tomato. Planta 2012, 235(6):1171-1184. 
41. Shikata M, Yamaguchi H, Sasaki K, Ohtsubo N: Overexpression of Arabidopsis miR157b 
induces bushy architecture and delayed phase transition in Torenia fournieri. Planta 2012, 
236(4):1027-1035. 
42. Van der Krol AR, Mur LA, Beld M, Mol J, Stuitje AR: Flavonoid genes in petunia: addition 
of a limited number of gene copies may lead to a suppression of gene expression. The Plant 
Cell 1990, 2(4):291-299. 
43. Napoli C, Lemieux C, Jorgensen R: Introduction of a chimeric chalcone synthase gene into 
petunia results in reversible co-suppression of homologous genes in trans. The plant cell 1990, 
2(4):279-289. 
21 
 
44. Couvillion MT, Lee SR, Hogstad B, Malone CD, Tonkin LA, Sachidanandam R, Hannon GJ, 
Collins K: Sequence, biogenesis, and function of diverse small RNA classes bound to the Piwi 
family proteins of Tetrahymena thermophila. Genes & development 2009. 
45. Lee RC, Feinbaum RL, Ambros V: The C. elegans heterochronic gene lin-4 encodes small 
RNAs with antisense complementarity to lin-14. cell 1993, 75(5):843-854. 
46. Reinhart BJ, Weinstein EG, Rhoades MW, Bartel B, Bartel DP: MicroRNAs in plants. Genes 
& development 2002, 16(13):1616-1626. 
47. Liu H-H, Tian X, Li Y-J, Wu C-A, Zheng C-C: Microarray-based analysis of stress-regulated 
microRNAs in Arabidopsis thaliana. Rna 2008, 14(5):836-843. 
48. Voinnet O: Use, tolerance and avoidance of amplified RNA silencing by plants. Trends in 
plant science 2008, 13(7):317-328. 
49. Sunkar R, Chinnusamy V, Zhu J, Zhu J-K: Small RNAs as big players in plant abiotic stress 
responses and nutrient deprivation. Trends in plant science 2007, 12(7):301-309. 
50. Axtell MJ, Westholm JO, Lai EC: Vive la différence: biogenesis and evolution of microRNAs 
in plants and animals. Genome biology 2011, 12(4):221. 
51. Lee Y, Kim M, Han J, Yeom KH, Lee S, Baek SH, Kim VN: MicroRNA genes are transcribed 
by RNA polymerase II. The EMBO journal 2004, 23(20):4051-4060. 
52. Yu B, Bi L, Zheng B, Ji L, Chevalier D, Agarwal M, Ramachandran V, Li W, Lagrange T, 
Walker JC: The FHA domain proteins DAWDLE in Arabidopsis and SNIP1 in humans act in 
small RNA biogenesis. Proceedings of the National Academy of Sciences 2008, 
105(29):10073-10078. 
53. Ren G, Xie M, Dou Y, Zhang S, Zhang C, Yu B: Regulation of miRNA abundance by RNA 
binding protein TOUGH in Arabidopsis. Proceedings of the National Academy of Sciences 
2012, 109(31):12817-12821. 
54. Kurihara Y, Watanabe Y: Arabidopsis micro-RNA biogenesis through Dicer-like 1 protein 
functions. Proceedings of the National Academy of Sciences 2004, 101(34):12753-12758. 
55. Yang SW, Chen H-Y, Yang J, Machida S, Chua N-H, Yuan YA: Structure of Arabidopsis 
HYPONASTIC LEAVES1 and its molecular implications for miRNA processing. Structure 
2010, 18(5):594-605. 
56. Dong Z, Han M-H, Fedoroff N: The RNA-binding proteins HYL1 and SE promote accurate 
in vitro processing of pri-miRNA by DCL1. Proceedings of the National Academy of Sciences 
2008, 105(29):9970-9975. 
57. Park MY, Wu G, Gonzalez-Sulser A, Vaucheret H, Poethig RS: Nuclear processing and export 
of microRNAs in Arabidopsis. Proceedings of the National Academy of Sciences 2005, 
102(10):3691-3696. 
58. Yu B, Yang Z, Li J, Minakhina S, Yang M, Padgett RW, Steward R, Chen X: Methylation as 
a crucial step in plant microRNA biogenesis. Science 2005, 307(5711):932-935. 
59. Voinnet O: Origin, biogenesis, and activity of plant microRNAs. Cell 2009, 136(4):669-687. 
60. Yang Z, Ebright YW, Yu B, Chen X: HEN1 recognizes 21–24 nt small RNA duplexes and 
deposits a methyl group onto the 2′ OH of the 3′ terminal nucleotide. Nucleic acids research 
2006, 34(2):667-675. 
61. Li J, Yang Z, Yu B, Liu J, Chen X: Methylation protects miRNAs and siRNAs from a 3′-end 
uridylation activity in Arabidopsis. Current biology 2005, 15(16):1501-1507. 
22 
 
62. Bologna NG, Voinnet O: The diversity, biogenesis, and activities of endogenous silencing 
small RNAs in Arabidopsis. Annual review of plant biology 2014, 65:473-503. 
63. Kidner CA, Martienssen RA: The developmental role of microRNA in plants. Current opinion 
in plant biology 2005, 8(1):38-44. 
64. Dugas DV, Bartel B: MicroRNA regulation of gene expression in plants. Current opinion in 
plant biology 2004, 7(5):512-520. 
65. Vaucheret H, Vazquez F, Crété P, Bartel DP: The action of ARGONAUTE1 in the miRNA 
pathway and its regulation by the miRNA pathway are crucial for plant development. Genes 
& development 2004, 18(10):1187-1197. 
66. Schauer SE, Jacobsen SE, Meinke DW, Ray A: DICER-LIKE1: blind men and elephants in 
Arabidopsis development. Trends in plant science 2002, 7(11):487-491. 
67. Park W, Li J, Song R, Messing J, Chen X: CARPEL FACTORY, a Dicer homolog, and HEN1, 
a novel protein, act in microRNA metabolism in Arabidopsis thaliana. Current Biology 2002, 
12(17):1484-1495. 
68. Bollman KM, Aukerman MJ, Park M-Y, Hunter C, Berardini TZ, Poethig RS: HASTY, the 
Arabidopsis ortholog of exportin 5/MSN5, regulates phase change and morphogenesis. 
Development 2003, 130(8):1493-1504. 
69. Chen X, Liu J, Cheng Y, Jia D: HEN1 functions pleiotropically in Arabidopsis development 
and acts in C function in the flower. Development 2002, 129(5):1085-1094. 
70. Schwab R, Palatnik JF, Riester M, Schommer C, Schmid M, Weigel D: Specific effects of 
microRNAs on the plant transcriptome. Developmental Cell 2005, 8(4):517-527. 
71. Palatnik JF, Allen E, Wu X, Schommer C, Schwab R, Carrington JC, Weigel D: Control of 
leaf morphogenesis by microRNAs. Nature 2003, 425(6955):257. 
72. Wang J-W, Wang L-J, Mao Y-B, Cai W-J, Xue H-W, Chen X-Y: Control of root cap formation 
by microRNA-targeted auxin response factors in Arabidopsis. The Plant Cell 2005, 
17(8):2204-2216. 
73. Laufs P, Peaucelle A, Morin H, Traas J: MicroRNA regulation of the CUC genes is required 
for boundary size control in Arabidopsis meristems. Development 2004, 131(17):4311-4322. 
74. Jia X, Ding N, Fan W, Yan J, Gu Y, Tang X, Li R, Tang G: Functional plasticity of miR165/166 
in plant development revealed by small tandem target mimic. Plant Science 2015, 233:11-21. 
75. Zhu X, Leng X, Sun X, Mu Q, Wang B, Li X, Wang C, Fang J: Discovery of conservation and 
diversification of miR171 genes by phylogenetic analysis based on global genomes. The Plant 
Genome 2015, 8(2). 
76. Wu M-F, Tian Q, Reed JW: Arabidopsis microRNA167 controls patterns of ARF6 and ARF8 
expression, and regulates both female and male reproduction. Development 2006, 
133(21):4211-4218. 
77. Sunkar R, Kapoor A, Zhu J-K: Posttranscriptional induction of two Cu/Zn superoxide 
dismutase genes in Arabidopsis is mediated by downregulation of miR398 and important for 
oxidative stress tolerance. The Plant Cell 2006, 18(8):2051-2065. 
78. Fujii H, Chiou T-J, Lin S-I, Aung K, Zhu J-K: A miRNA involved in phosphate-starvation 
response in Arabidopsis. Current Biology 2005, 15(22):2038-2043. 
79. Allen E, Xie Z, Gustafson AM, Carrington JC: microRNA-directed phasing during trans-
acting siRNA biogenesis in plants. Cell 2005, 121(2):207-221. 
23 
 
80. Xie Z, Allen E, Fahlgren N, Calamar A, Givan SA, Carrington JC: Expression of Arabidopsis 
MIRNA genes. Plant physiology 2005, 138(4):2145-2154. 
81. Axtell MJ, Bartel DP: Antiquity of microRNAs and their targets in land plants. The Plant Cell 
2005, 17(6):1658-1673. 
82. Kozomara A, Griffiths-Jones S: MiRBase: Integrating microRNA annotation and deep-
sequencing data. Nucleic Acids Research 2011, 39(SUPPL. 1):D152-D157. 
83. Breakfield NW, Corcoran DL, Petricka JJ, Shen J, Sae-Seaw J, Rubio-Somoza I, Weigel D, 
Ohler U, Benfey PN: High-resolution experimental and computational profiling of tissue-
specific known and novel miRNAs in Arabidopsis. Genome research 2012, 22(1):163-176. 
84. Wang J-W: Regulation of flowering time by the miR156-mediated age pathway. Journal of 
experimental botany 2014, 65(17):4723-4730. 
85. Chen X, Zhang Z, Liu D, Zhang K, Li A, Mao L: SQUAMOSA promoter‐binding protein‐like 
transcription factors: Star players for plant growth and development. Journal of integrative 
plant biology 2010, 52(11):946-951. 
86. Poethig RS: Small RNAs and developmental timing in plants. Current Opinion in Genetics 
and Development 2009, 19(4):374-378. 
87. Yu N, Niu QW, Ng KH, Chua NH: The role of miR156/SPL s modules in Arabidopsis lateral 
root development. The Plant Journal 2015, 83(4):673-685. 
88. Xie K, Wu C, Xiong L: Genomic organization, differential expression, and interaction of 
SQUAMOSA promoter-binding-like transcription factors and microRNA156 in rice. Plant 
physiology 2006, 142(1):280-293. 
89. Yu S, Cao L, Zhou C-M, Zhang T-Q, Lian H, Sun Y, Wu J, Huang J, Wang G, Wang J-W: 
Sugar is an endogenous cue for juvenile-to-adult phase transition in plants. elife 2013, 
2:e00269. 
90. Eviatar-Ribak T, Shalit-Kaneh A, Chappell-Maor L, Amsellem Z, Eshed Y, Lifschitz E: A 
cytokinin-activating enzyme promotes tuber formation in tomato. Current Biology 2013, 
23(12):1057-1064. 
91. Rubinelli PM, Chuck G, Li X, Meilan R: Constitutive expression of the Corngrass1 
microRNA in poplar affects plant architecture and stem lignin content and composition. 
biomass and bioenergy 2013, 54:312-321. 
92. Franco-Zorrilla JM, Valli A, Todesco M, Mateos I, Puga MI, Rubio-Somoza I, Leyva A, 
Weigel D, García JA, Paz-Ares J: Target mimicry provides a new mechanism for regulation 
of microRNA activity. Nature genetics 2007, 39(8):1033. 
93. Chuck G, Cigan AM, Saeteurn K, Hake S: The heterochronic maize mutant Corngrass1 
results from overexpression of a tandem microRNA. Nature genetics 2007, 39(4):544. 
94. Chuck GS, Tobias C, Sun L, Kraemer F, Li C, Dibble D, Arora R, Bragg JN, Vogel JP, Singh 
S: Overexpression of the maize Corngrass1 microRNA prevents flowering, improves 
digestibility, and increases starch content of switchgrass. Proceedings of the National 
Academy of Sciences 2011, 108(42):17550-17555. 
95. Shikata M, Koyama T, Mitsuda N, Ohme-Takagi M: Arabidopsis SBP-box genes SPL10, 
SPL11 and SPL2 control morphological change in association with shoot maturation in the 
reproductive phase. Plant and cell physiology 2009, 50(12):2133-2145. 
96. Klein J, Saedler H, Huijser P: A new family of DNA binding proteins includes putative 
transcriptional regulators of the Antirrhinum majus floral meristem identity gene 
24 
 
SQUAMOSA. Molecular and General Genetics MGG 1996, 250(1):7-16. 
97. Yang Z, Wang X, Gu S, Hu Z, Xu H, Xu C: Comparative study of SBP-box gene family in 
Arabidopsis and rice. Gene 2008, 407(1):1-11. 
98. Chuck G, Whipple C, Jackson D, Hake S: The maize SBP-box transcription factor encoded 
by tasselsheath4 regulates bract development and the establishment of meristem boundaries. 
Development 2010:dev. 048348. 
99. Xing S, Salinas M, Höhmann S, Berndtgen R, Huijser P: miR156-Targeted and Nontargeted 
SBP-Box Transcription Factors Act in Concert to Secure Male Fertility in Arabidopsis. The 
Plant Cell 2010, 22(12):3935-3950. 
100. Cardon G, Höhmann S, Klein J, Nettesheim K, Saedler H, Huijser P: Molecular 
characterisation of the Arabidopsis SBP-box genes. Gene 1999, 237(1):91-104. 
101. Gandikota M, Birkenbihl RP, Höhmann S, Cardon GH, Saedler H, Huijser P: The 
miRNA156/157 recognition element in the 3′ UTR of the Arabidopsis SBP box gene SPL3 
prevents early flowering by translational inhibition in seedlings. Plant Journal 2007, 
49(4):683-693. 
102. Rhoades MW, Reinhart BJ, Lim LP, Burge CB, Bartel B, Bartel DP: Prediction of plant 
microRNA targets. cell 2002, 110(4):513-520. 
103. Guo A-Y, Zhu Q-H, Gu X, Ge S, Yang J, Luo J: Genome-wide identification and evolutionary 
analysis of the plant specific SBP-box transcription factor family. Gene 2008, 418(1):1-8. 
104. Riese M, Höhmann S, Saedler H, Münster T, Huijser P: Comparative analysis of the SBP-box 
gene families in P. patens and seed plants. Gene 2007, 401(1):28-37. 
105. Schwarz S, Grande AV, Bujdoso N, Saedler H, Huijser P: The microRNA regulated SBP-box 
genes SPL9 and SPL15 control shoot maturation in Arabidopsis. Plant Molecular Biology 
2008, 67(1-2):183-195. 
106. Preston JC, Hileman LC: SQUAMOSA‐PROMOTER BINDING PROTEIN 1 initiates 
flowering in Antirrhinum majus through the activation of meristem identity genes. The Plant 
Journal 2010, 62(4):704-712. 
107. Martin RC, Asahina M, Liu PP, Kristof JR, Coppersmith JL, Pluskota WE, Bassel GW, 
Goloviznina NA, Nguyen TT, Martínez-Andújar C et al: The microRNA156 and 
microRNA172 gene regulation cascades at post-germinative stages in Arabidopsis. Seed 
Science Research 2010, 20(2):79-87. 
108. Zhang X, Zou Z, Gong P, Zhang J, Ziaf K, Li H, Xiao F, Ye Z: Over-expression of 
microRNA169 confers enhanced drought tolerance to tomato. Biotechnology letters 2011, 
33(2):403-409. 
109. Cho SH, Coruh C, Axtell MJ: miR156 and miR390 regulate tasiRNA accumulation and 
developmental timing in Physcomitrella patens. The plant cell 2012:tpc. 112.103176. 
110. Aukerman MJ, Sakai H: Regulation of Flowering Time and Floral Organ Identity by a 
MicroRNA and lts APETALA2-Like Target Genes. Plant Cell 2003, 15(11):2730-2741. 
111. Jung J-H, Seo Y-H, Seo PJ, Reyes JL, Yun J, Chua N-H, Park C-M: The GIGANTEA-regulated 
microRNA172 mediates photoperiodic flowering independent of CONSTANS in Arabidopsis. 
The Plant Cell 2007, 19(9):2736-2748. 
112. Zhu Q-H, Upadhyaya NM, Gubler F, Helliwell CA: Over-expression of miR172 causes loss 
of spikelet determinacy and floral organ abnormalities in rice (Oryza sativa). BMC Plant 
Biology 2009, 9(1):149. 
25 
 
113. Zhu Q-H, Helliwell CA: Regulation of flowering time and floral patterning by miR172. 
Journal of Experimental Botany 2011, 62(2):487-495. 
114. Yant L, Mathieu J, Dinh TT, Ott F, Lanz C, Wollmann H, Chen X, Schmid M: Orchestration 
of the floral transition and floral development in Arabidopsis by the bifunctional transcription 
factor APETALA2. Plant Cell 2010, 22(7):2156-2170. 
115. Karlova R, Rosin FM, Busscher-Lange J, Parapunova V, Do PT, Fernie AR, Fraser PD, Baxter 
C, Angenent GC, de Maagd RA: Transcriptome and metabolite profiling show that 
APETALA2a is a major regulator of tomato fruit ripening. The Plant Cell 2011:tpc. 
110.081273. 
116. Lauter N, Kampani A, Carlson S, Goebel M, Moose SP: microRNA172 down-regulates 
glossy15 to promote vegetative phase change in maize. Proceedings of the National Academy 
of Sciences 2005, 102(26):9412-9417. 
117. Nair SK, Wang N, Turuspekov Y, Pourkheirandish M, Sinsuwongwat S, Chen G, Sameri M, 
Tagiri A, Honda I, Watanabe Y: Cleistogamous flowering in barley arises from the suppression 
of microRNA-guided HvAP2 mRNA cleavage. Proceedings of the National Academy of 
Sciences 2010, 107(1):490-495. 
118. Jung JH, Lee S, Yun J, Lee M, Park CM: The miR172 target TOE3 represses AGAMOUS 
expression during Arabidopsis floral patterning. Plant Science 2014, 215-216:29-38. 
119. Chen X: A MicroRNA as a Translational Repressor of APETALA2 in Arabidopsis Flower 
Development. Science 2004, 303(5666):2022-2025. 
120. Mathieu J, Yant LJ, Mürdter F, Küttner F, Schmid M: Repression of flowering by the miR172 
target SMZ. PLoS Biology 2009, 7(7). 
121. Pin P, Nilsson O: The multifaceted roles of FLOWERING LOCUS T in plant development. 
Plant, cell & environment 2012, 35(10):1742-1755. 
122. Khan MRG, Ai XY, Zhang JZ: Genetic regulation of flowering time in annual and perennial 
plants. Wiley Interdisciplinary Reviews: RNA 2014, 5(3):347-359. 
123. Teotia S, Tang G: To bloom or not to bloom: Role of micrornas in plant flowering. Molecular 
Plant 2015, 8(3):359-377. 
124. Böhlenius H, Huang T, Charbonnel-Campaa L, Brunner AM, Jansson S, Strauss SH, Nilsson 
O: CO/FT Regulatory Module Controls Timing of Flowering and Seasonal Growth Cessation 
in Trees. Science 2006, 312(5776):1040-1043. 
125. Mathieu J, Warthmann N, Küttner F, Schmid M: Export of FT Protein from Phloem 
Companion Cells Is Sufficient for Floral Induction in Arabidopsis. Current Biology 2007, 
17(12):1055-1060. 
126. Lee J, Lee I: Regulation and function of SOC1, a flowering pathway integrator. Journal of 
Experimental Botany 2010, 61(9):2247-2254. 
127. Hepworth SR, Valverde F, Ravenscroft D, Mouradov A, Coupland G: Antagonistic regulation 
of flowering-time gene SOC1 by CONSTANS and FLC via separate promoter motifs. The 
EMBO journal 2002, 21(16):4327-4337. 
128. Yoo SK, Chung KS, Kim J, Lee JH, Hong SM, Yoo SJ, Yoo SY, Lee JS, Ahn JH: CONSTANS 
activates SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 through FLOWERING 
LOCUS T to promote flowering in Arabidopsis. Plant Physiol 2005, 139(2):770-778. 
129. Moon J, Suh SS, Lee H, Choi KR, Hong CB, Paek NC, Kim SG, Lee I: The SOC1 MADS‐
box gene integrates vernalization and gibberellin signals for flowering in Arabidopsis. The 
26 
 
Plant Journal 2003, 35(5):613-623. 
130. Voogd C, Wang T, Varkonyi-Gasic E: Functional and expression analyses of kiwifruit SOC1-
like genes suggest that they may not have a role in the transition to flowering but may affect 
the duration of dormancy. Journal of Experimental Botany 2015, 66(15):4699-4710. 
131. Jung JH, Ju Y, Seo PJ, Lee JH, Park CM: The SOC1-SPL module integrates photoperiod and 
gibberellic acid signals to control flowering time in Arabidopsis. Plant Journal 2012, 
69(4):577-588. 
132. Jung JH, Lee HJ, Ryu JY, Park CM: SPL3/4/5 Integrate Developmental Aging 
and Photoperiodic Signals into the FT-FD Module in Arabidopsis Flowering. Molecular Plant 
2016, 9(12):1647-1659. 
133. Yamaguchi A, Wu MF, Yang L, Wu G, Poethig RS, Wagner D: The MicroRNA-Regulated 
SBP-Box Transcription Factor SPL3 Is a Direct Upstream Activator of LEAFY, FRUITFULL, 
and APETALA1. Developmental Cell 2009, 17(2):268-278. 
134. Chuang TH, Li KH, Li PF, Yang CH: Functional analysis of an APETALA1-like MADS box 
gene from Eustoma grandiflorum in regulating floral transition and formation. Plant 
Biotechnology Reports 2018, 12(2):115-125. 
135. Murai K, Miyamae M, Kato H, Takumi S, Ogihara Y: WAP1, a Wheat APETALA1 Homolog, 
Plays a Central Role in the Phase Transition from Vegetative to Reproductive Growth. Plant 
and Cell Physiology 2003, 44(12):1255-1265. 
136. Kaufmann K, Wellmer F, Muiñ JM, Ferner T, Wuest SE, Kumar V, Serrano-Mislata A, 
Madueño F, Kraiewski P, Meyerowitz EM et al: Orchestration of floral initiation by 
APETALA1. Science 2010, 328(5974):85-89. 
137. Yang L, Conway SR, Poethig RS: Vegetative phase change is mediated by a leaf-derived 
signal that represses the transcription of miR156. Development 2011, 138(2):245-249. 
138. Wahl V, Ponnu J, Schlereth A, Arrivault S, Langenecker T, Franke A, Feil R, Lunn JE, Stitt 
M, Schmid M: Regulation of Flowering by Trehalose-6-Phosphate Signaling in Arabidopsis 
thaliana. Science 2013, 339(6120):704-707. 
139. Palauqui JC, Elmayan T, Pollien JM, Vaucheret H: Systemic acquired silencing: transgene‐
specific post‐transcriptional silencing is transmitted by grafting from silenced stocks to non‐
silenced scions. The EMBO journal 1997, 16(15):4738-4745. 
140. Buhtz A, Springer F, Chappell L, Baulcombe DC, Kehr J: Identification and characterization 
of small RNAs from the phloem of Brassica napus. The Plant Journal 2008, 53(5):739-749. 
141. Spiegelman Z, Golan G, Wolf S: Don’t kill the messenger: Long-distance trafficking of 
mRNA molecules. Plant Science 2013, 213:1-8. 
142. Notaguchi M, Higashiyama T, Suzuki T: Identification of mRNAs that move over long 
distances using an RNA-seq analysis of Arabidopsis/Nicotiana benthamiana heterografts. 
Plant and Cell Physiology 2015, 56(2):311-321. 
143. Thieme CJ, Rojas-Triana M, Stecyk E, Schudoma C, Zhang W, Yang L, Minãmbres M, 
Walther D, Schulze WX, Paz-Ares J et al: Endogenous Arabidopsis messenger RNAs 
transported to distant tissues. Nature Plants 2015, 1. 
144. Yang Y, Mao L, Jittayasothorn Y, Kang Y, Jiao C, Fei Z, Zhong GY: Messenger RNA exchange 
between scions and rootstocks in grafted grapevines. BMC Plant Biology 2015, 15(1). 
145. Zhang W, Kollwig G, Stecyk E, Apelt F, Dirks R, Kragler F: Graft-transmissible movement 
of inverted-repeat-induced siRNA signals into flowers. Plant Journal 2014, 80(1):106-121. 
27 
 
146. Tzarfati R, Ben-Dor, S., Sela, I., and Goldschmidt, E. E.: Graft-induced changes in microRNA 
expression patterns in Citrus leaf petioles. Open Plant Sci J 2013, 7:17–23. 
147. Pagliarani C, Vitali M, Ferrero M, Vitulo N, Incarbone M, Lovisolo C, Valle G, Schubert A: 
The accumulation of miRNAs differentially modulated by drought stress is affected by 
grafting in grapevine. Plant Physiology 2017, 173(4):2180-2195. 
148. Bhogale S, Mahajan AS, Natarajan B, Rajabhoj M, Thulasiram HV, Banerjee AK: 
MicroRNA156: A potential graft-transmissible microrna that modulates plant architecture and 
tuberization in Solanum tuberosum ssp. andigena. Plant Physiology 2014, 164(2):1011-1027. 
149. Martin A, Adam H, Díaz-Mendoza M, Źurczak M, González-Schain ND, Suárez-López P: 
Graft-transmissible induction of potato tuberization by the microRNA miR172. Development 
2009, 136(17):2873-2881. 
 
 
 
 
 
 
 
 
 
 
 
28 
 
 
 
 
 
Chapter II 
 
 
 
 
 
 
2 MiRNA profiling from juvenility to reproductive 
competence in avocado, mango and macadamia. 
 
 
 
 
 
 
Chapter II describes a comprehensive study on the molecular regulation of phase transition in 
avocado, mango and macadamia. Previously it has been shown that miR156 and miR172 
regulate vegetative phase change in plants [1, 2]. For this purpose, these miRNAs were 
characterized from young seedlings to adult trees in the horticultural crops investigated here. 
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Two approaches were employed for miRNA quantification; first, their conservation was 
validated through smallRNA sequencing, followed by quantitative Real-Time PCR (qRT-PCR). 
I also identified the putative target transcripts and homologs of other flowering associated 
genes using in-house transcriptomic/genomic data and profiled these using qRT-PCR. The main 
aim of this study was to evaluate these transcripts for their potential role in phase change in 
these crops and for use as juvenility or reproductive phase markers. Part of this work has been 
submitted to Frontiers in Plant Science Journal, while the remaining work is attached as 
Appendix 1 (FT-TEM module for phase transition).  
2.1 Introduction 
The plant life cycle can be divided into three distinct growth phases - juvenile, adult, and 
reproductive – all of which involve temporal and spatially-coordinated changes in various traits 
essential for plant survival and reproduction. These phases may be thought of as developmental 
phases, with continuous development of new organs that possess different morphological 
features in each phase.  Internode length, leaf length and size, trichome distribution and cell 
size may vary in some species according to the developmental phase. In Arabidopsis thaliana, 
early rosette leaves show juvenile features; smooth margins, small and almost round blades and 
long petioles. Meanwhile, late rosette leaves exhibit adult traits having shorter petioles, serrated 
margins and trichomes [1, 3, 4]. Heteroblastic features are also observed in maize (Zea mays), 
where adult leaves have trichomes but lack epicuticular wax, while juvenile leaves exhibit the 
opposite phenotype [5].  Likewise, differences in juvenile and adult leaf morphology can be 
detected in some woody tree species including Acacia confuse, Acacia colie, Eucalyptus 
globulus, Quercus acutissima and Hedera helix [2]. 
Phase change transitions, associated with phenotypic changes in leaves, are known to be 
moderated by the sequential action of two main microRNAs: miR156 and miR172 [2, 5-7]. 
microRNAs are small non-coding RNA molecules (20 to 24 nt) that negatively regulate 
eukaryotic gene activity post transcriptionally. miR156 binds and target transcripts of 
SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL) transcription factors (TFs) for 
degradation. miR156 is highly abundant in the juvenile phase and decreases as the plant ages. 
Whereas, miR172, a repressor of APETALA2 (AP2)-like TFs has the inverse transcript 
abundance [6]. In a broad sense, as miR156 levels start declining, the level of its targeted SPL 
genes starts increasing. These, in turn, upregulate the transcription of miR172, resulting in AP2 
TF repression, a condition that marks the transition from juvenile to adult phase.  
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Specifically, in Arabidopsis, miR156 targets 10 out of 16 SPL family members (SPL2, SPL3, 
SPL4, SPL5, SPL6, SPL9, SPL10, SPL11, SPL13, SPL15), all characterized by a 76-amino acid 
DNA-binding domain termed SBP (SQUAMOSA PROMOTER BINDING PROTEIN) [7, 8]. 
Whereas, on the other hand miR172 targets six AP2-like transcriptional repressors including 
APETALA2 (AP2), TARGET OF EARLY ACTIVATION TAGGED (EAT) 1 (TOE1), TOE2, 
TOE3, SCHLAFMUTZE (SMZ) and SCHNARCHZAPFEN (SNZ) [9-12].  Not surprisingly, 
studies performed in Arabidopsis revealed that overexpression of miR156 results in a long 
juvenile phase, whereas low levels of miR156 results in an early flowering phenotype [13, 14]. 
As plants start maturing the level of miR156 begins decreasing, a condition that allows 
production of SPL9 and SPL10 proteins [1]. These SPL genes can bind to the sequences in the 
regulatory region of MIR172b thus positively regulating miR172 transcription. The expression 
pattern of MIR172b is positively correlated with the adult phenotype [6]. Double mutants for 
spl9/spl15 exhibit a late-flowering phenotype [6, 15], while miR156-insensitive SPL9 (rSPL9) 
transgenic plants show early flowering and a high abundance of miR172 [6]. 
This increase in SPL and miR172 levels and subsequent repression of AP2-like TFs makes a 
favourable inductive condition to activate various meristem identity genes including 
APETALA1 (AP1) [16, 17]. AP1 plays a vital role in promoting phase transition and also forms 
a central core with other flowering genes in the regulatory network for floral organ 
development in the meristem [18-20]. Overexpression of AP1 results in dwarf plants with a 
shortened juvenile period and an early flowering phenotype [21]. Furthermore, Arabidopsis 
ap1 mutants show abnormal floral development and a late flowering phenotype [22, 23]. AP1 
is known to be upregulated directly by SPL3/4/5 which binds to the AP1 promoter region [13, 
16, 24]. Moreover, SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1), a key 
floral integrator, positively regulates SPL3/4/5 activity thereby facilitating activation of various 
floral meristem genes [25]. 
Alongside the main role that miR156 and miR172 play in controlling juvenile to adult and 
reproductive phase transition, it has been shown that other microRNAs family members also 
take part in controlling flowering time. For instance, it has been recently documented in 
Arabidopsis that miR159, promotes vegetative to reproductive phase transition by targeting 
MYB33, which encodes an R2R3 MYB domain TF [26]. Usually MYB33 promotes miR156 
transcription, thus high miR159 abundance prevents over activation of MIR156A and 
MIR156C, keeping a delicate balance of phase transition events.  
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In addition to the miR159-MYB regulation of miR156, phase transition is thought to be 
regulated through as yet unknown signal(s) derived from leaves that also represses miR156 
[27]. Removing leaves from Arabidopsis and Nicotiana benthamiana plants resulted in an 
increased level of miR156 leading to a long juvenile phase. One potential candidate for this 
mobile repressor is sugar [28, 29]. Indeed recently, it was suggested that Trehalose-6-
Phosphate Synthase 1 (TPS1), a key enzyme in the T6P pathway which regulates carbohydrate 
availability, is essential for flowering in plants [30]. Specifically, in the Arabidopsis shoot 
apical meristem, sucrose and T6P are suggested to control flowering by inducing SPL3/4/5 
expression either in a dependent and independent miR156 pathway. Accordingly, the Attps1 
loss of function mutation causes extreme delays in flowering and reduction of SPL3 transcripts 
[30]. 
To date, the involvement of the miR156-SPL and miR172-AP2 regulatory modules, as well as 
other floral integrators in vegetative phase transition, has been shown to be conserved in 
annual, as well as in some perennial trees [2, 6]. However, it is still unknown whether the same 
mechanism controls phase transition in the vast majority of horticultural tree crops that are 
commercially significant for world food production. With this in mind, we examined the 
conservation of these regulatory modules in three important fruit tree species from diverse 
origins including: Mangifera indica (mango), Persea americana (avocado) and Macadamia 
integrifolia (macadamia). We show that miR156 transcript level in leaves correlates with 
juvenility and phase transition in these crops. We also show that miR156 expression 
anticorrelates with SPL4 accumulation and other floral homeotic genes including AP1 and 
SOC1. 
2.2 Results 
2.2.1 Monitoring the expression levels of miR156 and miR172 at juvenile and 
adult stages 
miR156 and miR172 are conserved plant miRNA families and master regulators for both 
juvenile-to-adult and adult-to-reproductive phase transition in plants, with each showing 
anticorrelating expression patterns in leaves over the plant life-cycle [2, 6, 14, 31-36]. To 
explore whether the transcript abundance of these two miRNAs changes with vegetative phase 
transition in horticultural tree crops, we confirmed their presence in mango, macadamia and 
avocado using small RNA sequencing data (see material and methods). We then determined 
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their expression levels by quantitative real-time PCR (qRT-PCR) in fully expanded leaves of 
seedlings over time, as well as in leaves of mature trees that have completed reproductive 
transition. 
The qRT-PCR results in all three species revealed that miR156 is most highly expressed in 
leaves of young seedlings (Fig. 2.1a, b, c) Specifically, in avocado seedlings, miR156 
abundance started declining 1.5 years after germination and was lowest (p<0.05) in mature (> 
10-year-old) trees (Figure 1a). Macadamia leaves exhibited a steady decline in miR156 
abundance from juvenile to mature trees (p<0.05; Fig. 2.1b). Interestingly, miR156 abundance 
in mango, which was highest 1-month after seedling germination, decreased and remained 
significantly lower at all other age-related time points (Fig. 2.1c; p<0.05).  Taken together this 
may suggest that miR156 action in phase transition is conserved in horticultural tree crops but 
the rate of decrease in its abundance differs between species.  
The observed miR172 abundance pattern was quite different among the three crop species 
investigated. Consistent with miR172's proposed role in other species (5), in avocado, the 
lowest expression levels were detected in 1-month old seedlings, while the highest expression 
was observed in 10-year old reproductively mature trees (Fig. 2.1d). In contrast, in macadamia 
and mango, miR172 expression did not significantly vary between juvenile and reproductively 
mature plants although the average abundance was highest in mature trees (Fig. 2.1e, f). 
2.2.2 miR156 as a negative regulator of SPL3/4/5 
In Arabidopsis, 10 members of the SPL gene family are targeted by miR156 [32]. Of these, 
SPL3/4/5 and SPL9, have been implicated in phase transition in the leaves of the plants [2]. To 
explore whether the variation in miR156 expression during phase transition may have a 
functional significance in our three selected fruit tree species, transcript homologs for 
Arabidopsis SPL genes, all possessing miR156 target sites, were identified in avocado, mango, 
and macadamia using in-house genomics and transcriptomic resources (Supplementary Fig. 
S2.1) (see Materials and Methods section).  
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Fig. 2.1 Expression of miR156 and miR172 at various stages of the avocado, mango and 
macadamia lifecycle. Relative abundance of miR156 and miR172 was quantified by qRT-PCR in the 
leaves of (a, d) avocado, (b, e) macadamia and (c, f) mango. Error bars represent standard error of the 
mean (n=3 biological pools of 6-15 plants), and significant differences calculated by one-way ANOVA 
are shown by different letters (p<0.05). 
A phylogenetic tree of miR156-targeted SPL genes was first constructed using full protein 
sequences from different species (Fig. 2.2a). As shown in Fig. 2.2a avocado, macadamia and 
mango SPL genes clustered into 4 broad clades, i.e., A) SPL3/4/5, B) SPL9/SPL15, C) 
SPL2/10/11, and D) SPL6/SPl13 [37].  The tree-crop sequences grouped in accordance with 
their expected relationships to the same genes in Arabidopsis and other plants. Furthermore, a 
multiple sequence alignment of the SPLs functional SBP domain was constructed and further 
confirmed these 4 clades based on sequence similarities/differences (Fig. 2.2b) [8]. 
Following identification of the distinct SPL genes, the identified SPL3/4/5 and SPL9 transcripts 
were next quantified in the age-related leaf samples by qRT-PCR for correlation to miR156 
abundance and developmental age. The qRT-PCR analysis revealed a significant upregulation 
in the transcript abundance of SPL4 genes in the three tree crop species (PaSPL4, MciSPL4 
and MiSPL4) from juvenile to reproductively mature trees (Fig. 2.3a, b, c). This is consistent 
with previous reports of miR156-SPL4 regulatory module in phase transition [2]. Only in case 
 
 
34 
 
of mango, we were also able to identify MiSPL3 and MiSPL5 transcripts in available 
transcriptomic data. Each gene had a unique, yet similar, expression pattern to MiSPL4.  
 
Fig. 2.2 Phylogenetic analysis of miR156 targeted-SPL genes from different plants including 
avocado, mango and macadamia. a miR156 targeted SPL phylogenetic tree constructed with 
Maximum likelihood analysis of already published sequence from other crops (Supplementary Table 
S2.4) with identified SPL transcripts from avocado, mango, and macadamia (See Material and Methods 
section for tree parameters). b Sequence alignment of SBP domain of the SPL3/4/5, SPL2/10/11, 
SPL6/13 and SPL9/15. The unique or dissimilar sequence from each clade are shown in the box. The 
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SPL transcripts from other crops (Supplementary Table S2.4) were aligned with the identified 
transcripts from the tree crops. 
 
MiSPL3 expression was low in juvenile mango trees and started increasing during phase 
transition becoming highest in 5 year old trees (Fig. 2.3d). MiSPL5 transcript abundance was 
similarly low in 1 month and 4 months old trees and reached a maximum level in 1 year old 
trees (Fig. 2.3e).  This data may suggest that each gene plays a role during phase transition of 
mango and could be used as a potential marker to differentiate distinct phases.  
Lastly, two SPL9 homologs were identified in avocado (PaSPL9a and PaSPL9b), one in 
macadamia (MciSPL9,) and one mango SPL9 (MiSPL9).  Surprisingly, SPL9 expression in 
leaves of the three crop species showed no anticorrelation with miR156 or age of the trees (Fig. 
2.3f-i). 
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Fig. 2.3 Expression of miR156 putative target genes at various stages of the avocado, mango and 
macadamia lifecycle. Relative abundance was quantified by qRT-PCR in leaves of miR156 targeted, a PaSPL4, 
b MciSPL4, c MiSPL4, d MiSPL3, e MiSPL5, f PaSPL9a, g PaSPL9b, h MciSPL9 and i MiSPL9. Error bars 
represent standard error of the mean (n=3 biological pools of 6-15 plants), and significant differences calculated 
by one-way ANOVA are shown by different letters (p<0.05). 
2.2.3 AP2-Like and miR172: no obvious correlation 
Homologs of miR172 target genes were also identified in the tree crops and assayed across the 
phase change related samples using qRT-PCR. We identified three closely related AP2 
homologs containing miR172 target sites in avocado (PaAP2, PaRAP2.7a (TOE1), 
PaRAP2.7b) and in mango (MiAP2, MiRAP2.7a, MiRAP2.7b), and one in macadamia 
(MciAP2) (Supplementary Fig. S2.2). A phylogenetic tree of miR172-targeted AP2-like genes 
was constructed using full protein sequences from different species (Fig. 2.4a). PaAP2 and 
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MciAP2 were closely related, while MiAP2 was clustered closely with Populus (Fig. 2.4a).  
Furthermore, a multiple sequence alignment of the highly conserved AP2 domain (~60 amino 
acids) was constructed which suggest its conservation in different AP2-like proteins is so high 
that only few bases were dissimilar [38] (Fig. 2.4b). 
Next, qRT-PCR analyses showed that despite the increase in miR172 abundance observed 
across the juvenile to adult transition in avocado, the expression of the AP2-like genes in 
avocado leaves did not correspond to miR172 abundance or phase transition, as such PaAP2 
and PaRAP2.7a were expressed highest in both the 1 month and 10 year samples (Fig. 2.5a, 
d), PaRAP2.7b was highest in 3-month-old avocado samples and was low at all other time 
points (Fig. 2.5e). Likewise, in macadamia and mango, MciAP2 and MiAP2, respectively did 
not show any transcript variation in phase change related samples, which is also consistent with 
the lack of miR172 variation seen across the samples (Fig. 2.5b, c). Interestingly, however, the 
two additional mango AP2-like homologs (MiRAP2a and MiRAP2b) significantly decreased in 
transcript abundance over the age of the tree (p<0.05) (Fig. 2.5f, g).  
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Figure 2.4 Phylogenetic analysis of miR172 targeted AP2-like genes. a miR172 targeted AP2-like 
gene phylogenetic tree constructed with Maximum likelihood analysis (See Material and Methods 
section for tree parameters), b Sequence alignment of highly conserved region (AP2 domain) of miR172 
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targeted AP2-like genes from different crops (Supplementary Table S2.5). 
 
Figure 2.5 Expression of miR172 putative target genes at various stages of the avocado, mango 
and macadamia lifecycle. Relative expression was determined by qRT-PCR in leaves of a PaAP2, b 
MciAP2, c MiAP2, d PaRAP2.7a, e PaRAP2.7b, f MiRAP2.7a and g MiRAP2.7b. Error bars represent 
standard error of the mean (n=3 biological pools of 6-15 plants), and significant differences calculated 
by one-way ANOVA are shown by different letters (p<0.05). 
 
2.2.4 miR159 as a potential regulator of miR156 
Recently it has been suggested that miR159 indirectly represses miR156 transcription by 
targeting MYB33 transcripts for degradation, thereby facilitating timely phase transition [26]. 
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Here we used the mature sequence of miR159 (downloaded from miRBASE, 
www.mirbase.org) to validate the presence of miR159 in the small RNA sequecing data for the 
fruit tree crops investegated. miR159 transcript abundance was then quantified by qRT-PCR in 
the age related samples of each species. However, in these tree crops investigated no correlation 
was observed between miR159 expression and the age of the trees, or with miR156 transcript 
level (Supplementary Fig. S2.3). This trend was also validated through small RNA sequencing 
of the 1 month-old and mature/flowering samples for all three trees (Supplementary Fig. S2.4).   
2.2.5 Additional miRNAs in phase change 
To further explore the potential role of additional miRNAs in phase-transition in horticultural 
crops we compared small RNA sequencing data from leaves of the youngest (1 month) and 
oldest trees for each species (10-year-old trees for avocado and macadamia; 5 year old for 
mango). Known plant miRNAs were predicted by alignment of small RNA reads to miRbase 
reference miRNAs (http://www.mirbase.org/) and candidates selected based on differential 
expression between juvenile and mature leaves of all three species (Supplementary Fig. S2.5). 
To provide confidence in the small RNA data, we first confirmed that the above qRT-PCR data 
for miR156 and miR172 was replicated in the small RNA-seq. Accordingly, high miR156 read 
count in 1-month old trees compared to 10-year-old trees in all three species while miR172 was 
4-fold higher in mature trees of avocado, but less than 2-fold in mango and macadamia 
(Supplementary Fig. S2.6). Of all other known microRNAs, three new potential candidates 
(miR164, miR394, and miR396), were also identified as being differentially regulated 
according to tree age in all three species (Supplementary Figure S2.5). However, no statistically 
significant difference between the expression of these miRNAs and the age of the trees was 
observed when validated by qRT-PCR (Supplementary Figure S2.7a, b, c). Taken together this 
data suggests functionally conserved regulation of miR156 in vegetative phase transition of 
horticultural tree crops, and possibly across the plant kingdom. Meanwhile, a clear correlation 
between tree age and the expression of miR172, miR159, or other microRNAs, was not 
supported. 
2.2.6 APETALA1, SPL4 and SOC1 in phase transition 
Studies in Arabidopsis have shown that SOC1 regulates SPLs and subsequently AP1 expression 
during floral transition [24, 25].  It is pertinent to mention that AP1 encoding genes were 
previously cloned and their expression sites were monitored in avocado and mango [39, 40].  
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Specifically, in avocado, AP1 encoding gene was shown to be expressed both in leaves and in 
buds, implying that in this crop this gene do not encode floral-specific identity genes [39]. 
Here, to assess the possible role of AP1 in the phase transition in horticultural tree crops, we 
profiled the expression of AP1 homologs in avocado (PaAP1) mango (MiAP1) and macadamia 
(MciAP1=identified from our transcriptomic data). The qRT-PCR expression analysis revealed 
a significant increase of PaAP1, MiAP1 and MciAP1 transcript abundance in already flowering 
trees (Fig. 2.6a, b, c). Their transcript level was minimal in young trees and was positively 
correlated with SPL3/4/5, consistent with its proposed putative role in reproductive phase 
transition [19, 21, 41].  
Given that both SPL4 and AP1 showed patterns of expression correlating to phase transition in 
tree crops investigated, we also profiled SOC1 homologs following its identification in our 
available transcriptome data (PaSOC1a, MciSOC1a and MiSOC1). Interestingly, in avocado, 
qRT-PCR analysis showed a steady increase in PaSOC1a expression after 3 months of age with 
significantly higher expression in 10 year old reproductively mature trees (Fig. 2.6d). Similarly, 
macadamia SOC1a expression also increased as the tree aged, being lowest in 1 month old 
trees and significantly upregulated in mature trees (Fig. 2.6e). On the other hand, MiSOC1 
expression was highest in 4-month-old trees and thus not correlated to phase transition, SPL4 
or AP1 (Fig. 2.6f). These results might support a putative regulatory connection between SOC1, 
SPL4 and AP1 expression in avocado and macadamia, and may suggest a possible association 
to maturation in these species, in a positive feedback loop.  
2.2.7 Profiling Trehalose-6-Phosphate Synthase 1 (TPS1) in juvenile and adult 
trees 
A recent study has provided convincing evidence showing that TPS1 activity in Arabidopsis 
regulates flowering in the leaves and in the SAM [30]. Here, homologs of TPS1 in avocado, 
mango and macadamia were identified using available transcriptomic/genomic data and 
profiled using qRT-PCR. In avocado, PaTPS1 expression was highest during the early stages 
of the life cycle and was reduced after 18 months of age (Supplementary Fig. S2.8a). A similar 
expression pattern was observed for MciTPS1 where lowest expression was observed in already 
mature flowering trees (Supplementary Fig. S2.8b). This is in contrast to the data for 
Arabidopsis, which revealed an increasing TPS1 level as plants ages. Interestingly, in mango 
trees, no notable change in MiTPS1 expression was seen (Supplementary Figure S2.8c). 
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Figure 2.6 Expression of APETALA1 and SOC1 at various stages of the avocado, mango and 
macadamia lifecycle. Relative expression of AP1 and SOC1 was quantified by qRT-PCR in leaves of 
a PaAP1, b MciAP1, c MiAP1, d PaSOC1a, e MciSOC1a and f MiSCO1. Error bars represent standard 
error of the mean (n=3 biological pools of 6-15 plants), and significant differences calculated by one-
way ANOVA are shown by different letters (p<0.05). 
 
2.3 Discussion 
Various endogenous factors interact with environmental cues to facilitate vegetative to 
reproductive phase transition in annual as well as perennial plants. However, limited 
information regarding the molecular regulators of phase transition is available in commercially 
significant horticultural tree crops, mainly due to their complex life cycle and limited genomic 
resources. Here, we employed a molecular approach to explore juvenility and phase transition 
in three key horticultural tree crops: mango, avocado, and macadamia, which have significantly 
long juvenile phases impacting breeding and productivity. These crops have diverse 
phylogenetic origins and belong to the Lauraceae (avocado), Anacardiaceae (mango) and 
Proteaceae (macadamia) families, thought to have diverged from annual plants, such as the 
model species Arabidopsis, more than 60 million years ago [42-44]. As reproductive strategy 
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is essential for the relative success of all species during evolution, we hypothesised that 
conserved molecular controls for reproductive transition and flowering may provide markers 
for this process across commercially important crop species. 
To date, miR156 and miR172 activity in leaves has been shown to act as a master regulator for 
the juvenile to adult phase transition in model species and some woody trees [2, 7, 31, 33, 45]. 
Here, our results revealed a conserved pattern of miR156 expression during vegetative phase 
transition in three diverse horticultural tree crops, suggesting that miR156 could be used as a 
potential juvenility marker (Fig. 2.1a-c). We then looked for evidence of miR156-regulatory 
target modules in these trees by comparing the abundance of reported target genes including 
SPL3/4/5 and SPL9 with miR156 (Fig. 2.3). Specifically, our finding showing that MiSPL3/4/5, 
PaSPL4 and McSPL4, exhibited low expression level in the juvenile phase, when miR156 
abundance was high, and upregulated in the reproductive phase, suggests a potential conserved 
role for miR156-SPL3/4/5 model, in regulating phase transition in these fruit trees species.  
Surprisingly, however, no correlation between SPL9 expression and either miR156 abundance 
or phase transition was observed in the leaves sampled from these tree crops (Figure 3f-i). This 
observation might suggest a lack of miR156-SPL9 transcriptional regulatory module in leaves 
of these species, yet it does not rule out a possible translational or post-translational regulation 
of SPL9 protein in phase change. In this context, it is also important to note that in Arabidopsis, 
and some woody tree plants, it has been demonstrated that SPL9 acts in phase transition 
downstream of miR156, partly though positively regulating miR172 [2, 6, 15]. Consistent with 
their being no change in MiSPL9 and MciSPL9 expression during phase transition in mango 
and macadamia we did not observed change in miR172 abundance in the corresponding leaf 
samples. (Fig. 2.1e, f). This may suggest a possible disconnect between miR156 and SPL9 and 
miR172 in these two species but does not rule out a regulatory interaction between SPL9 
protein and miR172 expression. In avocado, on the other hand, miR172 expression increased 
incrementally as the trees aged, in a way that anticorrelated with miR156, yet, its expression 
did not corresponds to the accumulation of either PaSPL9a or PaSPL9b mRNAs (Fig. 2.1d). 
A possible explanation of this result is that a miR156-miR172 regulatory model is active in 
avocado leaves during phase-change, independent of SPL9 transcriptional regulation. It 
remains to be determined, however, whether miR156 may show translational repression of 
PaSPL9 as was shown in model organisms [1, 2]. Taken together, we show that SPL9 transcript 
abundance in leaves is not associated with miR156 abundance or phase change in any of the 
tree crops examined here and thus, cannot be considered as marker for phase transition. 
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Similarly, absence of a conserved pattern of miR72 expression, during vegetative phase 
transition, in macadamia and mango rules out the possibility of using it as marker for maturity 
level. This emphasizes the need to further investigate the role of SPL9 and miR172 in these 
trees, as well as other species. 
Furthermore, as mentioned above, SPL3/4/5 gens acts as direct upstream activator of floral 
meristem identity genes including AP1 [24], which by itself is positively regulated by the floral 
integrator SOC1 [25]. This signalling scheme, termed SOC-SPL module, is proposed to serve 
as a link that integrates exterior and internal signals to promote flowering in Arabidopsis [25]. 
Interestingly here, in line with this proposed mode of action, we found that in our diverse 
subtropical tree species, SOC1-SPL4-AP1 genes are potentially working in a positive feedback 
loop, as they show a positive correlation with the reproductive phase transition (Fig. 2.6). This 
is consistent with the data for Arabidopsis [25, 41] and wheat [19] meristems and for the first 
time presents this module as a possible key marker conserved in phase transition in plants, 
which can be easily assayed from leaves. 
Moreover, the transition to reproductive maturity in trees is also carefully tied to resource 
availability [28]. As such, it has been suggested that carbohydrate availability may serve as an 
endogenous cue that promotes phase transition in flowering plants, partially by regulating 
miR156-SPL [30]. Indeed, distinct SPL genes have been recently identified as potential targets 
of the sugar/TPS1 signalling pathway in Arabidopsis, by showing that AtTPS1 was correlated 
to reduced levels of miR156 and increased SPL transcripts levels [30]. In this study, we 
determined if a similar phenomenon could be detected in the leaves of horticultural tree species. 
However, in all these tree crops no negative correlation was observed between TPS1 transcript 
abundance and miR156 level (Supplementary Figure S2.8). Instead, TPS1 level decreased with 
the age of the trees in avocado and macadamia, as did miR156, while mango showed no 
variation in transcript abundance. These results are in line to what was observed in a study 
performed in apple where no consistent variations in TPS activity was found between juvenile 
and the adult phase and suggest that increased TPS1 expression in leaves, may not be a reliable 
indicator of miR156-mediated phase transition [45]. 
We also examined a possible role of miR159, which has recently been suggested to indirectly 
regulate miR156 via transcript repression of the MYB33 transcription factor [26]. The results 
obtained showed that miR159 abundance was not correlated to the significant decrease in 
miR156 and phase transition in the tree crops investigated. 
 
 
45 
 
To conclude, here we suggest few potential markers for juvenility/phase transition that appear 
to be conserved across divergent species, from the Brassicales through to woody trees and now 
the economically important tree crops: mango, macadamia and avocado. Avocado, mango and 
macadamia are ancient angiosperm plants and were known to be cultivated tree crops in distant 
past [42-44]. It is only now that we are beginning to understand the complex array of signals 
that regulate reproductive transition, flowering and fruiting in these crops. We show that 
miR156, SPL4, AP1, and SOC1 abundance in leaves can potentially be used as markers to 
predict juvenility or reproductive competence. This information may be useful to better 
understand bottlenecks in breeding, productivity and propagation of these tree crops, where 
maturity of the propagating material can heavily influence propagation success and 
productivity.  
2.4 Materials and Methods 
2.4.1 Gene identification, sequence alignment, and phylogenetic analysis 
In-house transcriptomic and genomics resources were utilized for gene transcript 
identifications. For macadamia, recently published genomics resource was also utilized 
(https://www.ebi.ac.uk/ena/data/view/Taxon:Macadamia%20integrifolia). In addition to that, 
NCBI database (https://ncbi.nlm.nih.gov) was also searched to find already published gene 
transcripts (PaAP1 and MiAP1) [39, 40]. BLAST searches were made for Arabidopsis 
homologs to the transcriptomic data to identify related transcripts using Geneious software 
version 11 (Supplementary Table S2.3) [46]. These transcripts were then translated in all six-
frames. These translated frames were then aligned to the Arabidopsis transcripts to identify the 
correct frame and then further verified the integrity of “respective” protein domain through 
Pfam (http://pfam.xfam.org/) (Supplementary Table S2.3). Reciprocal blasts were done 
through NCBI and TAIR Arabidopsis online databases to confirm transcripts further. Finally, 
psRNATarget (http://plantgrn.noble.org/psRNATarget/) online tool was utilized for miRNA 
target site prediction in respective miRNA target transcripts.  Full length CDS/Open Reading 
Frames (ORF) were predicted manually by aligning and comparing all similar transcripts from 
different transcriptomic resources and further aligning to the genomic data. These ORF then 
were further verified using ORF finder (https://www.ncbi.nlm.nih.gov/orffinder/) online tool 
for ORF prediction. 
Multiple sequence alignment was completed using Geneious software default Muscle 
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alignment setting [46]. To illustrate divergence of miR156 targeted SPL and AP2 transcripts a 
genetic tree was constructed and visualized in MEGA 7 using Maximum Likelihood 
phylogenetic analysis method based on the JTT with Freqs. (+F) model from transcripts from 
avocado, mango, macadamia and other plant species (Supplementary Table S2.4 and Table 
S2.5) [47].  
2.4.2 Tissue Collection and Grinding 
Avocado cv. ‘Hass' seeds were provided by Anderson Horticulture Pty Ltd and grown in 
Anderson nursery located in Duranbah, New South Wales, Australia. Fully emerged new leaves 
from 15 individual plants pooled into 3 groups/samples were sampled 1 month, 3 months and 
1.5 year after germination. 6 mature/already flowering trees (approximately 10 year old grafted 
on Velvick rootstock) were sampled during the time of flowering (spring) located at Maroochy 
Research Facility (MRF) Nambour, Queensland, Australia.  Mango cv. Kensington Prides 
seeds were sourced from the fruit markets and grown in UQ23 soil in the University of 
Queensland Australia glasshouse. A total number of 20 plants were sampled for 1 month, 4 
months,and 1 Year after germination. The sample for 5 years trees (true seedling trees) was 
collected from Donovan Family Investments farm in Bundaberg area of Queensland, Australia. 
Macadamia nuts for cv. HAES 741 were kindly provided by Macadamia Breeding team at MRF 
Australia and were grown in UQ23 soil at the University of Queensland Australia glasshouse. 
A total of 15 plants were sampled for 1 month and 6 months after germination. 6 mature/already 
flowering macadamia trees were sampled during the time of flowering (spring) located at MRF. 
Samples were placed on dry ice immediately after sampling and cryogenically ground to a fine 
powder using a mortar and pestle in liquid nitrogen.  
2.4.3 RNA Extraction and cDNA Synthesis  
Total RNA of collected samples was extracted using a MasterPure Plant RNA Purification kit 
(Epicentre, Madison, WI, USA) according to the manufacturer’s protocol. 500 ng of high 
quality Total RNA was then further used for low molecular weight cDNA synthesis (miRNA 
quantification) using a miScript Plant RT Kit (Qiagen, Venlo, The Netherlands) as per 
manufacturer’s protocol. For gene quantification, cDNA was synthesized using SensiFAST™ 
cDNA Synthesis Kit (Bioline, London, UK) on 600 ng total RNA by manufacturer protocol. 
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2.4.4 Small RNA sequencing 
NEXTflex Small RNA-Seq Kit v3 was utilized to prepare small RNA libraries per 
manufacturer’s instructions (Bioo Scientific Corporation, Austin, TX, USA). Briefly, 1μg of 
total RNA from 1 month and 10 year old trees (5 year old mango) leaves was utilzed. During 
3’ adapter ligation step the samples are incubated at 20 °C overnight. Then first strand cDNA 
was synthesised using NEB #M0253 kit according to manufacturer protocol using the 
NEXTflex RT Primer (New England Biolabs Inc., Beverly, MA, USA). Incubation at 25 °C for 
10 minutes was followed by extension at 37 °C for 40 minutes and Inactivation of the enzyme 
at 65 °C for 20 minutes. NEXTflex reagents and primers were used for 17 cycles of PCR 
amplification. PCR products between 130 and 180bp were cut from a 3% MetaPhor Agarose 
gel. The QIAquick gel extraction kit (QIAGEN, Venlo, The Netherlands) was used to isolate 
this DNA before libraries were sent to the Queensland University of Technology Australia, 
genomics laboratory for quantification and sequencing on Illumina TruSeq (Illumina, San 
Diego, CA, USA) as a 76 cycle single read library. 
Raw read files were processed with Trim Galore 
(https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) to remove adapters, with 
trimmed reads of lengths less than 30 nt retained. Reads mapping to ribosomal RNAs were 
removed using BBduk (https://jgi.doe.gov/data-and-tools/bbtools/bb-tools-user-guide/bbduk-
guide/). The SCRAM pipeline was used for quantifying miRNA reads [48]. Normalisation of 
read counts was based on reads per million reads between 20 and 24 nt. Reference mature 
Arabidopsis and rice miRNA sequences for mapping were obtained from miRbase 
(http://www.mirbase.org/). 
To validate a conserved role of miR156, miR172 and miR159 in these tree crops, the mature 
Arabidopsis sequence of known miRNAs (miRBase) was blasted against the above prepared 
small RNA libraries and were further aligned using Geneious software ver 11 [46]. 
2.4.5 Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) 
For miRNA quantification, three biological replicates were utilized in duplicate for qRT-PCR 
using miScript SYBR® Green PCR Kit as per manufacturer instruction. Mature sequence of 
miRNAs were used as forward primer, and universal reverse primer was provided with SYBR 
kit (Supplementary Table S2.1). The qRT-PCR run was performed using a Rotor-Gene Q 6000 
and was further analysed using Rotor-Gene Q 2.3.1.49 software provided by the manufacturer 
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(Qiagen, Venlo, The Netherlands). 
For gene transcript quantification, P. americana, M. indica, and M. integrifolia gene specific 
primer were designed using Geneious Software (Supplementary Table S2.2). Transcript 
abundance was monitored in real time using SensiFAST™ SYBR® No-ROX Kit (Bioline, 
London, UK) on CFX384 Touch™ Real-Time PCR Detection System (Bio-Rad, Hercules, CA, 
USA) according to manufacturer instruction. This then was analysed on CFX Manager™ 
Software provided by the manufacturer.  
Individual PCR efficiency was calculated using LinReg PCR version 7.5 (University of 
Amsterdam, Netherlands). The processed Data was then further subjected to compute transcript 
relative abundance using the formula, Relative abundance = Gene PE^ (-Gene Ct)/Control PE^ 
(-Control Ct) where PE is primer efficiency and Ct is PCR cycle threshold. For statistical 
analysis, a one-way analysis of variance (ANOVA) was performed with post-hoc multiple 
comparison tests using Tukey HSD correction (SPSS 23, IBM, USA). For gene transcript 
quantification, GAPDH and EF1a were used as housekeeping genes in avocado and macadamia 
to compute relative expression. For mango transcript expression analysis, MiGAPDH, MiEF1a, 
MiMON1, and MiUBQ10 were used to normalize transcript abundance. Averages of relative 
expression of each miRNA against the housekeeping gene U6 [49], 5.8S rRNA [50] were 
plotted with standard error using GraphPad Prism 6 (GraphPad Software Inc.). 
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2.6 Supplementary information 
 
Supplementary Fig. S2. 1 miR156 target site in SPL homologs from avocado, mango and 
macadamia. All the SPL homologs from the horticultural tree crops were aligned using Geneious Ver 
11 default setting. The region containing corresponding miR156 target site was extracted. 
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Supplementary Fig. S2. 2 miR172 target site in AP2-like homologs from avocado, mango and 
macadamia. All the AP2-like homologs from the horticultural tree crops were aligned using Geneious 
Ver 11 default setting. The region containing corresponding miR172 target site was extracted.
 
 
54 
 
 
Supplementary Fig. S2. 3 Expression of miR159 at various stages of the avocado, mango and 
macadamia lifecycle. Relative expression of miR159 was quantified by qRT-PCR in leaves of, a 
avocado, b macadamia and c mango. Error bars represent standard error of the mean (n=3 biological 
pools of 6-15 plants), and significant differences calculated by one-way ANOVA are shown by different 
letters (p<0.05).
b c a 
 
 
55 
 
 
Supplementary Fig. S2. 4 miR159 transcript read count from the small RNA sequencing data. 
miR159 small RNA transcript read count from 1 month and 10 year old avocado, macadamia and mango 
(1 month and 5 year old) leaves. 
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Supplementary Fig. S2. 5 Small RNA reads from 1 month and 10-year-old (5 year old mango) tree 
from avocado, macadamia, and mango. Selected miRNAs transcript read count is shown in the boxes. 
To show relative high or low transcripts 2 colours were used, Transcript read count with Red colour 
show high transcripts of each miRNA from 1 month or 10 year old leaf samples from each species, 
respectively. Blue colour depicts low transcript reads. 
1 Month 10 Years 1 Month 10 Years 1 Month 5 Years
miR156a 7431.45 281.524 3207.397 456.389 396.856 272.355
miR157a 6732.16 165.132 3215.157 414.476 1960.626 213.456
miR157d 414.233 12.385 115.426 12.807 519.505 25.686
miR159a 28441.849 17361.543 41549.832 34526.659 31533.844 119798.21
miR160f 24.75 20.775 3.326 3.493 387.219 3888.701
miR162a 1.086 1.598 2289.117 1456.487 0 11.293
miR164a 4110.853 1268.457 2977.654 1899.487 453.8 223.641
miR166a 4479.712 1858.805 1661.273 731.736 1563.77 4933.394
miR166d 611.363 301.1 321.058 371.98 362.69 573.275
miR166g 2245.501 699.815 531.818 101.29 2.628 9.3
miR167a 16.5 24.237 56.258 43.078 5037.355 15298.613
miR167d 10919.65 11482.829 61.662 62.288 14.893 28.786
miR168a 3.908 1.065 207.988 363.249 124.401 170.056
miR171b 627.429 1124.765 69.006 12.807 159.443 8.193
miR171b 531.252 1194.547 178.751 18.046 68.333 35.207
miR172a 1425.067 5760.192 1301.831 2033.959 460.808 838.323
miR390a 634.81 178.583 98.382 12.807 58.696 15.057
miR393a 10.855 52.869 24.388 15.717 44.679 5.314
miR394 2035.562 1617.632 818.789 245.076 705.23 126.656
miR395a 12943.705 37.288 111.269 124.576 2.628 8.636
miR396a 19678.253 8301.233 12487.467 10847.976 7478.063 15403.57
miR396b 13615.423 3865.43 3626.144 1185.797 25927.049 3118.135
miR398b 48.631 4.794 39.353 94.305 41.175 52.478
Avocado Macadamia Mango
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Supplementary Fig. S2. 6 Small RNA reads (miR156 and miR172) from 1 month and 10-year-old 
(5 year old mango) tree from avocado, macadamia, and mango leaves. 
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Supplementary Fig. S2. 7 Additional miRNAs (miR164, miR394 and miR396) hypothesised to be 
involved in phase change. Relative expression of (miR164, miR394 and miR396) in, a avocado, b 
macadamia and c mango. Error bars represent standard error of the mean (n=3 biological pools of 6-15 
plants), and significant differences calculated by one-way ANOVA are shown by different letters 
(p<0.05). 
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Supplementary Fig. S2. 8 The expression of Trehalose-6-Phosphate Synthase 1 at various stages of 
the avocado, mango and macadamia lifecycle. TPS1 Expression relative to housekeeping in, a 
avocado, b macadamia, and c mango. Error bars represent standard error of the mean (n=3 biological 
pools of 6-15 plants), and significant differences calculated by one-way ANOVA are shown by different 
letters (p<0.05).
a b c 
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Supplementary Table S2. 1 Primers used for miRNA quantification.  
No. Gene F Primer R Primer  
1 miR156 TGACAGAAGAGAGTGAGCAC Universal Primer 
2 miR172 AGAATCTTGATGATGCTGCAT Universal Primer 
3 miR159  TTTGGATTGAAGGGAGCTCTA Universal Primer 
4 miR164  TGGAGAAGCAGGGCACGTGCA Universal Primer 
6 miR394 TTGGCATTCTGTCCACCTCC Universal Primer 
7 miR396 TTCCACAGCTTTCTTGAACTG Universal Primer 
9 
U6 SnoRNA (Avo + 
Mango) GGATGACACGCACAAATCGAG Universal Primer 
10 
U6 SnoRNA 
(Macadamia) GGATGACATGCACAAATCGAG Universal Primer 
11 
5.8S ribosomal RNA 
rRNA GAATTGCAGAATCCCGTGAACC Universal Primer 
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Supplementary Table S2. 2 Primers used for gene expression analysis. 
No. Gene F Primer R Primer  
1 
PaRAP2.7A/TOE1
A GCAGTAGAGAGGGCTGAACTC 
GTAACAGTAGGTAGGAAAATGGC
C 
2 PaRAP2.7B CAACTACGAGGCTCTACTGC GCTTTCAGCTCTGGTAATAGTAGG 
3 PaAP2 GGAGCAGTAGTAATTGGGCTGC CATAATCAAGGGTCAGGTAGGTC  
4 PaSPL4 CGTTGGTTCTCTACTATGCTCTC GTACCTACTGGCACAGATAGC 
5 PaSPL9a CTTTGGCAGGGTAGCATAGAG GCTGTGATACCCGAAGCTCG 
6 PaSPL9b GCAGGAATCTCCAACTCCAG TGGCACTATGACTTGGTGGA 
7 PaTPS1 CTTCAAGCGAGGGATATGCT TGCTGCACCCTTTGTAACAC 
8 PaAP1 CTCAAGCAGTGTGGGGGTAG GAAGCATCCAAGGTGGGACA 
9 PaSOC1a GCGCTCATTGTTTTCTCTCC TGCTGCTTACGTCTTTGGTG 
10 PaGAPDH TGGGAAACTTACAGGAATGG GTCACCCACAAAGTCAGTAGAA 
11 PaEF1a ATCAAGCGTGGGTTTGTTGC TACCCGTTGCCAATCTGACC 
13 MciAP2 CTGCTGGATCACCCCAACTG ATGTCAGGTGGGTCTCATG 
14 MciSPL4 ACCATTGCAGGCAGGCTGAC GTACCAGCATGAAAGGAAGC 
15 MciSPL9 CCTCCAGTTGAATGCTTTGC GTTGTCCAGTTCAAGACCG 
16 MciTPS1 ATCGCTTAGCAACCACTCGT AATCATGGCACCAAACAACA 
17 MciAP1 GAGGCGGATCGATAACAAGA CGGTGGAGTACTCGAAGAGC 
18 MciSOC1a 
GCAACATTAGGGGAAGGAAGA
C GCCTTCTCTCGTAGTATTCTG 
20 MciGAPDH GGAGTCAGAGGGTAGCCTGA ACCAGGAGACAAGCTTCACG 
21 MciEF1a GAACGTCGCAGTTAAGGATC GAGGTGTGGCAATCAAGCAC 
23 MiRAP2.7b CAAACTGGGCATGGCAAACG GAAGAAGTGCTGGTAGCG 
24 MiRAP2.7a CAACCGCATGGTCAGGTGAG GTGAAACGGAGATTGAGG 
25 MiAP2 ACAGGAAAGAGTGGCAGAG GAAGGCACTGTGAATTTGG 
26 MiSPL3 TCTCTTGGATGCTCTCTC GGAAGTTTAGCCAAATATGC 
27 MiSPL5 GCTAGAGGCAAAGTTCTGATGC 
CGTACACAGCTTAGAAACAACTG
C 
28 MiSPL4 GCTCTTGAGGATGCTCTCTC GTTCCGATTCCAATGGCTTG 
29 MiSPL9 GATTGCTTCACAGGAGTTGC GCATCAAGTCACTCACTCC 
30 MiAP1  F1: ATCCTGGTCCTGAATCAACG TAGTGCCTTTGGCTCCTTTG 
31 MiSOC1 CTGTTGGGAGAAGGTCTGGA TCTAGCGCGAATGTTGCTTA 
32 MiTPS1 TGTTGCTGCGTTTCCTATTG GGCCAGCAAATGTCTCTTTC 
33 MiEF1a AAGAGGCCATCAGACAAGCC CCGGTTTCAACACGACCAAC 
34 MiGAPDH ATGCCAAGGCTGGTATTGCT TCACGCGTGAACTGTATCCC 
35 MiMON1 GACTTGCAACCGGGTTTGTC CACCATGAAAAGGGGCTTGC 
36 MiUBQ10 ACCCTGCATCTTGTCCTTCG CACACACAAGCCTACCGGAT 
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Supplementary Table S2. 3 New gene transcript identified from in-house transcriptome/genome data. 
Full length Coding region of these transcripts were predicted using Geneious software and were then 
submitted to NCBI repository. The integrity of each transcripts protein domain was validated using 
phmmr online prediction tool. 
Gene NCBI submission 
phmmr (pfam.xfam.org) protein domain validation 
results 
PaRAP2.7A/TOE1 Submitted, pending approval AP2 
PaRAP2.7B Submitted, pending approval AP2 
PaAP2 Submitted, pending approval AP2 
PaSPL4 Submitted, pending approval SBP 
PaSPL9a Submitted, pending approval SBP 
PaSPL9b Submitted, pending approval SBP 
PaSPL2.1 Submitted, pending approval SBP 
PaSPL2.2 Submitted, pending approval SBP 
PaSPL6 Submitted, pending approval SBP 
PaSPL13.1 Submitted, pending approval SBP 
PaSPL13.2 Submitted, pending approval SBP 
PaSOC1a Submitted, pending approval SRF K BOX 
PaGAPDH Submitted, pending approval GAPDH 
PaEF1a Submitted, pending approval Elongation factor 
MciAP2 Submitted, pending approval AP2 
MciSPL4 Submitted, pending approval SBP 
MciSPL9 Submitted, pending approval SBP 
MciTPS1 Submitted, pending approval Glycotran 
MciAP1 Submitted, pending approval SRF, K Box 
MciSOC1a Submitted, pending approval SRF K BOX 
MciGAPDH Submitted, pending approval GAPDH 
MciEF1a Submitted, pending approval Elongation factor 
MiRAP2.7b Submitted, pending approval AP2 
MiRAP2.7a Submitted, pending approval AP2 
MiAP2 Submitted, pending approval AP2 
MiSPL3 Submitted, pending approval SBP 
MiSPL5 Submitted, pending approval SBP 
MiSPL4 Submitted, pending approval SBP 
MiSPL9 Submitted, pending approval SBP 
MiSPL2 Submitted, pending approval SBP 
MiSPL13 Submitted, pending approval SBP 
MiAP1 Submitted, pending approval SRF K BOX 
MiSOC1 Submitted, pending approval SRF K BOX 
MiTPS1 Submitted, pending approval Glycotran 20 - Trehalose 6 phosphate 
MiEF1a Submitted, pending approval EF1 
MiGAPDH Submitted, pending approval GAPDH 
MiMON1 Submitted, pending approval MON1 
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MiUBQ10 Submitted, pending approval UBQ10 
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Supplementary Table S2. 4 SPL transcripts details used for alignment and phylogenetic tree. 
Name Species Sequenc detail 
AaSPL3 Arabis alpina AGP03027.1 
AaSPL4 Arabis alpina AGP03028.1 
AaSPL6 Arabis alpina AGP03029.1 
AaSPL9 Arabis alpina AGP03032.1 
AaSPL10 Arabis alpina AGP03033.1 
AaSPL13 Arabis alpina AGP03036.1 
AaSPL15 Arabis alpina AGP03038.1 
AtSPL2 Arabidopsis thaliana NP_199141.1 
AtSPL3 Arabidopsis thaliana NP_565771.1 
AtSPL4 Arabidopsis thaliana NP_175723.1 
AtSPL5 Arabidopsis thaliana NP_188145.1 
AtSPL6 Arabidopsis thaliana CAB56595.1 
AtSPL9 Arabidopsis thaliana NP_181749.1 
AtSPL10 Arabidopsis thaliana NP_174057.2 
AtSPL11 Arabidopsis thaliana NP_564280.1 
AtSPL13A Arabidopsis thaliana NP_568731.1 
AtSPL15 Arabidopsis thaliana NP_191351.1 
BnSPL3 Brassica napus XP_013734250.1 
BnSPL4 Brassica napus XP_013752440.1 
BnSPL9 Brassica napus XP_013687893.1 
BrSPL3 Brassica rapa XP_009132954.1 
BrSPL4 Brassica rapa XP_009147624.1 
BrSPL9 Brassica rapa XP_009142046.1 
CarSPL9 Cicer arietinum XP_004493567.1 
ChSPL3 Cardamine hirsuta AKC05616.1 
ChSPL9 Cardamine hirsuta AKC05617.1 
ChSPL13 Cardamine hirsuta AKC05619.1 
ChSPL15 Cardamine hirsuta AKC05620.1 
CiSPL6 Citrus unshiu GAY64853.1 
CsiSPL3 Citrus sinensis XP_006467766.2 
CsSPL3 Camelina sativa XP_010509826.1 
CsSPL4 Camelina sativa XP_010479860.1 
CsSPL9 Camelina sativa XP_010508605.1 
EgrSPL9 Eucalyptus grandis XP_010057993.1 
GaSPL6 Gossypium arboreum KHG15102.1 
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GaSPL13 Gossypium arboreum XP_017635398.1 
GhSPL3 Gossypium hirsutum XP_016730055.1 
GhSPL6 Gossypium hirsutum NP_001314491.1 
GhSPL9 Gossypium hirsutum XP_016742706.1 
GrSPL3 Gossypium raimondii XP_012455582.1 
GmSPL9 Glycine max XP_003520534.1 
HaSPL2 Helianthus annuus OTF88071.1 
JcSPL9 Jatropha curcas XP_012087743.1 
MdSPL5 Malus domestica ADL36827.1 
MdSPL9 Malus domestica XP_008392088.1 
MnSPL6 Morus notabilis XP_010091609.1 
MnSPL13 Morus notabilis XP_010086977.1 
MnSPL15 Morus notabilis EXB93646.1 
MtSPL9 Medicago truncatula XP_003625236.2 
PeSPL3 Populus euphratica XP_011027797.1 
PeSPL9 Populus euphratica XP_011033246.1 
PhSPL2 Petunia x hybrida AUW52967.1 
PhSPL13 Petunia x hybrida AUW52987.1 
RcSPL3 Ricinus communis XP_002509450.1 
RcSPL9 Ricinus communis XP_015582800.1 
SlSPL3 Solanum lycopersicum NP_001307609.1 
VvSPL9 Vitis vinifera NP_001267898.1 
VvSPL10 Vitis vinifera NP_001268193.1 
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Supplementary Table S2. 5 miR172 targeted AP2 like transcripts details used for alignment and phylogenetic 
tree. 
Name Species Sequenc detail 
RchAP2 Rosa chinensis XP_024182693.1 
SlAP2 Solanum lycopersicum NP_001234452.1 
VvAP2 Vitis vinifera XP_010652782.1  
PpAP2 Prunus persica XP_007208004.1  
BnAP2 Brassica napus XP_013707660.1 
AtAP2 Arabidopsis thaliana AT4G36920.1 
AtTOE1/AtRAP2.7 Arabidopsis thaliana AT2G28550.3 
AtTOE2 Arabidopsis thaliana AT5G60120.2 
AtSMZ Arabidopsis thaliana AT3G54990.1 
AtSNZ Arabidopsis thaliana AT2G39250.1 
CarRAP2.7 Cicer arietinum XP_004506004.1 
CsiRAP2.7 Citrus sinensis XP_006488203.1 
EgrRAP2.7 Eucalyptus grandis XP_010067252.1 
JcRAP2.7 Jatropha curcas XP_012064916.1 
MdRAP2.7 Malus domestica XP_008369496.1 
MnRAp2.7 Morus notabilis XP_024031787.1 
OsaRAP2.7 Oryza sativa XP_015642711.1 
PpAP2 Prunus persica XP_007208004.1 
PtRAP2.7 Populus trichocarpa XP_002322849.2 
RcRAP2.7 Ricinus communis XP_015581507.1 
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Chapter III 
 
 
 
 
3 Scion control of miRNA abundance and tree 
maturity in grafted avocado and macadamia. 
  
 
 
 
 
 
 
 
 
I suggested in Chapter II that a miR156-SPL4-miR172 regulatory module can potentially be 
used as a marker system for juvenility and phase transition in tree crops. Here, in this chapter, 
these molecular markers were employed to determine scion vs rootstock interaction regarding 
 
 
68 
 
grafted tree maturity in avocado and macadamia. In both species, commercially two types of 
rootstocks are used; seedling and cutting/clonal rootstocks. These phase-associated markers 
were used to determine the maturity status of pre-graft and post-graft material. 
Furthermore, possible graft transmissibility of maturity related signals from seedling vs clonal 
rootstocks were assessed by profiling miR156, miR172 and TPS1 in avocado. Special thanks 
to Anderson Horticulture Ltd (Duranbah, NSW, Australia) and the Macadamia Breeding Team 
(MRF, Nambour, QLD, Australia) for providing technical and logistic support for avocado and 
macadamia grafting, respectively. This study was first of its kind to show a comparison between 
scion and rootstock in determining grafted tree maturity. This manuscript is submitted to the 
Horticulture Research. 
3.1 Introduction 
Grafting is an ancient technique widely used for crop improvement in agriculture. It is a process 
in which two compatible plants are combined using a bud or branch from one plant (scion) and 
the roots of another plant (rootstock). In fruit trees such as avocado and macadamia, grafting 
provides a dual plant system to increase orchard productivity. Usually, scions with high yield 
and quality are grafted onto rootstocks with improved stress/disease tolerance. In this dual plant 
system, rootstocks are also selected to increase orchard efficiency through vigour control and 
yield improvement of the scion. Increasing precocity is another benefit of grafting, as scions 
taken from mature trees show significantly earlier bearing and maturity relative to trees grown 
from seed. Many tree crops with long juvenile phases are grown as grafted plants to obtain 
faster return on investment. 
Grafting success requires sufficient healing of the union to allow biomolecular signalling and 
nutrient transportation between root and shoot, an essential system to maintain growth and 
survival of both organs. This includes transportation of photosynthates (carbon), ions, water, 
nutrients, hormones and proteins/amino acids within the phloem and xylem vasculatures. 
Signalling in the xylem is unidirectional from root to shoot, however, bi-directional signalling 
can be carried out by phloem, which comprises specialized vascular bundles connected through 
plasmodesmata (pores). More recently, these pores have been shown to facilitate long-distance 
signalling of regulatory molecules including protein/RNA [1]. 
Arabidopsis and Nicotiana benthamiana heterografts have revealed that over a hundred mRNA 
transcripts may move across the graft union [2]. This movement of mRNAs can occur both 
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from shoot to root as well as from root to shoot [3]. This phenomenon was also observed in 
grapevine, which is a perennial plant [4]. In addition to mRNA transcripts, grafting experiments 
also revealed mobility of small RNA (smRNAs) molecules via phloem to reach specific tissues 
[5]. Of these smRNAs, microRNAs (miRNAs) were documented to involve in scion/rootstock 
signalling in regulating biotic and abiotic factors such as drought stress and tuberization [6-9].  
miRNAs are 20-24 nucleotide (nt) long, non-coding RNA molecules that negatively regulate 
gene activity by targeting specific gene transcripts for degradation. Interestingly, key plant 
miRNAs that are known to be involved in the juvenile-adult phase transition, miR156 and 
miR172, are shown to be graft transmissible in potato [9, 10]. Sequential activity of miR156 
and miR172 mediates the juvenile-to-adult transition in perennials as well as in annuals by 
downregulating members of the SQUAMOSA promoter binding protein-like (SPL) and 
APETALA2-like transcription factor gene families, respectively [11-16]. Overexpression of 
miR156 results in delays in flowering while miR172 overexpression results in the opposite 
phenotype. In juvenile plants miR156 is highly abundant, which indirectly suppresses miR172, 
while mature trees have low miR156 levels and high miR172 levels. We have previously shown 
that this model holds true for both miR156 and miR172 abundance in avocado, and for miR156 
levels in macadamia (Chapter II).   
Previously, it has been suggested that a mobile signal(s) orginating from leaves regulates plant 
phase change involving repression of miR156 [17]. Defoliation experiment in Arabidopsis and 
Nicotiana benthamiana results in a prolonged juvenile phase with an increased transcript level 
of miR156. Sugar signals can be thought of as a potential candidate for this mobile regulation 
[18, 19]. Recently, it has been suggested that trehalose-6-phosphate (T6P) regulates flowering 
in the shoot apical meristem and in the leaves [20]. Further, Trehalose-6-Phosphate Synthase 
1 (TPS1), a key enzyme in the T6P pathway which regulates carbohydrate availability, 
functions upstream of florigen FT in the age-dependent flowering pathway in leaves [21]. 
For avocado and macadamia, the rootstocks for grafting can be derived via seeds or via clonal 
propagation by rooting cuttings taken from mature trees. In the case of clonal rootstocks, this 
material is presumed physiologically mature as it derived from a mature tree cutting and 
subjected to rooting induction. Meanwhile, seedlings are physiologically juvenile.   
As grafting on seedling or clonal rootstocks is widely used in avocado and macadamia for 
commercial propagation, we questioned if the presumed difference in physiological maturity 
of these rootstocks is reflected in the abundance of these miRNAs. Given the proposed graft-
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transmissibility of miR156 and miR172 in other species, we also questioned if the rootstock 
origin could influence miRNAs levels and their target genes in the scion post-grafting. In 
avocado, grafted trees usually start flowering the next season after planting if conditions are 
favourable, regardless of rootstock. This observation suggests that the scion maturity 
determines the maturity level of the grafted plant. However, it has also been suggested that 
clonal avocado rootstocks may promote earlier flowering and fruiting than seedling rootstocks 
as they are derived from mature tissues, but this has not been formally examined[22]. In this 
study, we hypothesized that the adult trait signals in the mature scion overcomes any potential 
juvenile signals from seedling rootstocks and the resultant grafted plants behave like a plant in 
reproductive phase. We show significant differences in abundances of miR156 and miR172 
between seedling and cutting rootstocks, but this had limited impact on the miRNAs and target 
gene abundance in the mature budwood scion. Instead, we reveal that the scion is mainly 
responsible for miR156 and miR172 transcript abundance in these woody tree crops, and the 
maturity of the scion thus reflects the abundance of these miRNAs locally. We do however, 
show evidence for some long-distance signalling that may involve leaves below the graft union, 
regulating the carbohydrate maker gene TPS1 and these miRNAs. 
3.2 Results 
In order to quantify the abundance of phase-change associated miRNAs (miR156 and miR172) 
in seedling versus clonal rootstocks and detect any possible root-to-shoot signalling in avocado 
and macadamia, grafting experiments were designed for both crops. For avocado, scions 
comprising either the primary growing shoot of young seedlings or budwood from mature age 
trees (mature scionwood) were grafted onto both seedling and cutting (clonal) rootstocks to 
determine the relative influence of scion vs rootstock maturity on genes expression in grafted 
avocado scions. In macadamia, only mature scion (budwood) material was used for grafting as 
per industry practise. However, this was grafted onto both seedling and clonal rootstocks of 
two different cultivars.  
3.2.1 Assessment of pre-graft maturity in avocado 
We have previously shown that in avocado, similar to additional species [15, 16, 23], high 
miR156 and low miR172 abundance in leaves is significantly associated with juvenility of the 
plant (Chapter II) Thus, to predict the maturity/phase of the pre-grafting material, rootstock 
and scion leaf samples were analysed for miR156 and miR172 abundance. Consistent with 
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their more juvenile state, seedling rootstocks had a significantly higher transcript abundance of 
miR156 relative to clonal rootstocks (Fig. 3.1A), while miR172 showed the inverse expression 
pattern (Fig. 3.1B). Moreover, the expression of both these miRNAs in the clonal rootstocks 
perfectly mirrored that of the mature ‘Hass’ scion material taken directly from field trees (Fig. 
3.1A, B). This suggests that clonal rootstocks of avocado retain the molecular maturity of their 
parent trees, despite undergoing the clonal rootstock production process. 
To further explore this hypothesis, the expression of the miR156 and miR172 putative target 
genes were profiled. The transcript abundance of the predicted miR156 target, PaSPL4, was 
inversely correlated to miR156 and was highest in clonal rootstocks and budwood scions along 
with miR172 (Fig. 3.1A, C). SPL4 is known to promote the transition to reproductive 
maturation in plants at least in part through activation of various floral identity genes [24-26]. 
miR172 acts antagonistically to miR156 and is considered a positive regulator of flowering by 
repressing AP2 like floral repressor genes [23, 27-29]. Transcript abundance of the AP2 
homolog, PaRAP2.7B, was inversely correlated with miR172 and highly expressed in the 
seedling rootstocks and scions relative to clonal rootstocks and budwood scions (Fig. 3.1B, D), 
consistent with its putative action as a floral repressor [13, 28, 30]. Taken together, the 
expression data of markers for juvenility and flowering suggest that seedling rootstocks and 
scions of avocado are in juvenile phase and clonal rootstocks and budwood are in adult or 
reproductive phase.  
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Fig. 3.1 Transcript abundance of miRNAs and their putative target genes in pre-graft avocado 
material. Expression analysis (qRT-PCR) of (A). miR156, (B). miR172, (C). PaSPL4 and (D). 
PaRAP2.7B in pre-graft avocado leaves sampled from the seedling rootstock, clonal rootstock, seedling 
scion and budwood scion. Error bars represent standard error of the mean (n=3), and significant 
differences are shown in different letters (p<0.05). 
3.2.2 Post-grafting: graft signalling and maturity in avocado  
To determine any possible effect of rootstock maturity and miRNA expression on the post-
grafting  scion, the youngest fully expanded leaves from the scion of the grafted plants were 
sampled 3 months and 6 months post-grafting, and then profiled for miR156, miR172, and their 
putative target genes. In 3 month post-grafted trees, miR156 transcript abundance appeared to 
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be governed by the scion (Fig. 3.2A). Budwood scions retained their low miR156 transcript 
abundance, while the seedling scions showed high miR156 expression. Generally, this trend 
remained similar for 6 months samples as well. 
We then profiled PaSPL4 to see if miR156 expression pattern can be translated into the target 
effect. Here again the results suggest that the scion is governing PaSPL4 transcript abundance, 
as with miR156 (Fig. 3.2C). PaSPL4 transcript abundance at all time-points post-grafting 
showed a general negative correlation with miR156 abundance, where high transcript 
abundance was observed in budwood scions and vice versa in seedling scions (Fig. 3.2C). 
However, unlike for miR156, at 6 months post-grafting, no difference was observed in PaSPL4 
expression between seedling scions grafted to seedling versus clonal rootstocks. This suggests 
a possibility of regulation on PaSPL4 independent to miR156.   
Interestingly, there was a difference in miR172 expression between budwood scions grafted to 
seedling vs. clonal rootstocks at 3 months post-grafting. The budwood grafted onto the seedling 
rootstocks had similarly low miR172 expression pattern as seedling scions grafted on both 
seedling and clonal rootstocks. On the other hand, budwood grafted on clonal rootstocks had 
significantly higher abundance of miR172 (p<0.05). This observed lower expression of 
miR172 using seedling rootstock suggests that rootstock may also have a role in determining 
grafted plant miR172 levels and potentially fate (Fig. 3.2B). However, this effect was absent 6 
month post-grafting, where budwood grafted on seedling and clonal rootstocks both had similar 
expression patterns (Fig. 3.2B). In general, the expression pattern of PaRAP2.7B anticorrelated 
with the transcript abundance of miR172 and was affected by rootstock type (Fig. 3.2D).  
We also profiled the miR156 additional target genes, PaSPL9a, PaSPL9b, which are putative 
homologues of SPL9 (avocado has two copies of SPL9), as well as PaAP2 and PaRAP2.7A, 
which are miR172 targets. However, no clear pattern was observed for these transcripts 
depending on maturity of grafting material, which is consistent with our previous finding 
suggesting these transcripts may not be involved in the maturity pathway in the leaves 
(Supplementary Fig. S3.1, S3.2) (Chapter II). 
Graft success, height of the tree and flowering data were collected for grafted plants. Greater 
than 80% graft success was observed for mature budwood scions grafted onto seedling as well 
as clonal rootstocks (commercial industry practice). Lower grafting success was observed 
when using seedling scions (Supplementary Table S3.1). Trees produced using clonal 
rootstocks were taller than those on seedling rootstocks were utilised (Mean height (cm) value 
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with Standard Deviation (SD): budwood scion/ seedling rootstock = 46.5cm±4.7, seedling 
scion/seedling rootstock = 43.5±7.8, budwood scion/clonal rootstock = 92.8±6.6 and seedling 
scion/clonal rootstock = 88.6±9.6 (Supplementary Table S3.2). Flowering data correlated to 
the miRNA/target gene transcript patterns in terms of maturity, where the budwood scions 
flowered the very next season from the time of grafting. On the other hand, seedling scions did 
not produce flowers on both rootstocks (Supplementary Table S3.2).  
 
Fig. 3.2 Expression profile of miRNAs and their putative target genes in avocado post-graft 
material. Expression analysis (qRT-PCR) of (A). miR156, (B). miR172, (C). PaSPL4 and (D). 
PaRAP2.7B in post-grafting avocado leaves, ‘Hass’ as scion and ‘Velvick’ as rootstock. Where, S/S= 
seedling scion on seedling rootstock, B/S= budwood scion on seedling rootstock, S/C= seedling scion 
on clonal rootstock and B/C= budwood scion on clonal rootstock. Error bars represent standard error of 
the mean (n=3), and significant differences are shown in different letters for 3 month and 6 month post-
grafting calculated using one way ANOVA for each time-point, respectively. (p<0.05). 
3.2.3 Leaves as a potential source of signalling across the graft junction in 
avocado 
Commercially, to achieve higher graft success, the leaves on clonal rootstocks are not removed 
during grafting as they are preseumed to provide a source of energy for graft healing. 
Meanwhile, seedling rootstocks are devoid of leaves because the growing shoot tip with leaves 
is removed, and presumably graft healing is promoted by energy remaining from the seed. As 
the presence of leaves is a major difference between clonal and seedling rootstocks, we 
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hypothesized that the leaves may contribute not only to graft health, but to intergraft signalling. 
Thus to check whether leaves have any effect on the apparent inter-graft signalling noted for 
miR172 in clonal grafts we designed an independent experiment where ‘Hass’ budwood was 
grafted onto ‘Velvick’ clonal rootstocks in two groups; one group with leaves left on the 
rootstock (with leaves ‘WL’ grafts), the other group where leaves were removed from the 
rootstock (without leaves ‘WOL’ grafts). We then profiled miR156 and miR172 in the scions 
of both graft combinations 3 months post-grafting. We also profiled the abundance of PaTPS1, 
which has been shown to indicate carbohydrate availability in plants [21], as marker for 
possible rootstock-derived carbohydrates moving to the scion. 
Consistent with industry know-how, the graft success rate was more than 80% for the grafts 
with leaves while it was less than 30% when leaves were removed from the clonal rootstock 
prior to grafting (See S4). Moreover, consistent with our hypothesis that the leaves contributed 
to the higher miR172 transcript abundance in B/C grafts relative to B/S grafts above, 
significantly higher miR172 abundance was observed in scions sampled from grafts with 
leaves, as compared to the grafts where leaves were removed (Fig. 3.3B). Opposite trends were 
observed for miR156 abundance, which was significantly higher in grafts where leaves were 
removed from rootstocks (Fig. 3.3A). Similarly, to miR172, PaTPS1 abundance in the scion 
was higher in the grafts where the rootstock leaves were not removed (Fig. 3.3C, D). This 
suggests a possible role for leaves in inter-graft signalling of miR156, miR172 in avocado, and 
which may involve mobile sugars.  
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Fig. 3.3 miR156/miR172/PaTPS1 transcript abundance corresponds to the presence/absence 
leaves in the rootstock. Expression analysis (qRT-PCR) to compare effect of leaves on grafted tree 
molecular profiles of (A). miR156, (B) miR172 and (C) PaTPS1 in post-grafting avocado leaves, ‘Hass’ 
budwood scion and ‘Velvick’ as clonal rootstock in two group; with leaves and without leaves, (D) 
PaTPS1 expression in 3-month post-grafting comparison in budwood on seedling and budwood on 
clonal. Error bars represent standard error of the mean (n=3), different letter show significant difference 
(p<0.05). 
3.2.4 Assessment of pre-grafting material maturity in macadamia 
Similarly to avocado, two types of rootstocks are used in the macadamia industry; seedling 
rootstocks and clonal rootstocks derived from cuttings taken from a field tree and rooted under 
mist house conditions. These rootstocks are then grafted with budwood taken from a field tree 
suitable as the scion. Here we employed the commercial budwood ‘HAES741’ as the scion 
grafted onto two rootstock cultivars; ‘H2’ and ‘HAES842’.  
The expression of juvenility associated miRNAs and genes was first determined in the 
rootstocks pre-grafting to establish any association to the physiological age of the rootstock 
propagules in macadamia. prior to profiling their abundance during the grafting process in 
macadamia. In pre-graft ‘H2’ rootstocks, miR156 was more highly expressed in seedling plants 
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than the cutting grown plants, consistent with their developmental origin. However, no 
difference was observed in miR172 abundance between seedling and cutting rootstocks of ‘H2’ 
(Fig. 3.4A), ‘HAES842’ rootstocks showed the predicted pattern of miRNA expression based 
on their putative roles in maturation; miR156 expression was higher in seedling plants and 
miR172 was highest in cutting grown pre-grafting materials (Fig. 3.4B). Overall, miRNA 
transcript abundance suggested that seedling rootstock plants were more juvenile in term of 
miRNA expression pattern than cutting grown plants. 
 
Fig. 3.4 miRNA transcript profile in macadamia pre-graft material. Relative abundance (qRT-PCR) 
of miR156 and miR172 in seedling and cutting rootstock trees before grafting from (A). ‘H2’, (B). 
‘HAES842’ leaves. Error bars represent standard error of the mean (n=3) and significant differences are 
shown in different letters (p<0.05). 
We then profiled miR156 targeted MciSPL4 and miR172 targeted MciAP2 to observe target 
effects in seedling and cutting rootstocks. Low MciSPL4 transcript abundance was observed in 
seedling rootstocks of both ‘H2’ and ‘HAES842’ cultivars while cutting grown rootstocks 
showed higher transcript abundance (Fig. 3.5). This pattern negatively correlated with miR156 
expression (Fig. 3.4). MciAP2 did not show a consistent expression pattern between cultivars 
but showed a general anticorrelation to miR172 and material age in ‘HAES842’, which was 
however not significant (Fig. 3.4, 3.5). 
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Fig. 3.5 Expression of miR156/miR172 putative target genes in macadamia pre-graft material. 
Expression analysis of MciSPL4 and MciAP2 in seedling and cutting rootstock trees before grafting 
from (A). ‘H2’ and (B). ‘HAES842’, leaves. Error bars represent standard error of the mean (n=3). 
3.2.5 Post-grafting: graft signalling and maturity in macadamia  
To determine if the varying miRNA levels in the rootstock translated to any effect on the scion 
transcript abundance post-grafting, we profiled miR156, miR172 and their putative target genes 
from the scion leaves 1 year post-grafting, since macadamia grafts takes longer time to heal as 
compared to avocado. No difference was observed for miR156 or miR172 expression between 
the scions grafted on seedling vs cutting rootstocks (Fig. 3.6A, B). In addition, miRNA 
expression pattern was similar in grafts using the different rootstock cultivars. This is similar 
to avocado 6 months post-grafting miRNA expression pattern and suggest that 
miR156/miR172 transcript abundance in grafted macadamia is not affected by rootstock origin 
one year post-grafting (Fig. 3.6A, B). A similar lack of any pattern for the target genes 
(MciSPL4 and MciAP2) was observed, regardless of rootstock origin or cultivar (Fig. 3.6C, D). 
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Fig. 3.6 Expression analysis of miR156/miR172 and their putative target in macadamia post-graft 
material. Relative quantification measured by qRT-PCR of (A) miR156, (B) miR172, (C) McSPL4 and 
(D) MciAP2 in 1 year post-grafting macadamia leaves, ‘HAES741’ budwood as the common scion, 
with different type of rootstock. Error bars represent standard error of the mean (n=3). 
3.3 Discussion 
Grafting is widely used as the preferred method of propagation in horticultural trees, which 
combines a desirable scion with a suitable rootstock cultivar to improve productivity outcomes. 
In the evolutionary divergent tree crops, avocado and macadamia, scion material comprises 
budwood collected from mature trees of a fruiting cultivar, while rootstocks may either be 
derived from seed or from mature tree cuttings. Although more difficult to produce, the use of 
rooted cuttings provides genetic uniformity of the rootstock for these outcrossing species. 
Field observation has shown that a major benefit of grafting is the reduction of the juvenile 
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phase in the grafted tree, leading to earlier productivity.  However, the molecular players 
involved, and relative impact of grafting material maturity on the grafted tree maturity remains 
unknown. We have previously shown that the phase transition related miRNAs miR156, 
miR172, and the miR156 target gene SPL4, can be reliably used as markers to differentiate 
between juvenile and adult trees/material in avocado and macadamia (Chapter II). Graft 
transmissible signalling of miR156 and miR172 has been reported in potato [9, 10]. This makes 
these miRNAs ideal candidates to explore whether rootstocks derived from seedlings or mature 
cuttings show different molecular maturity profiles, and if this may have any influence on the 
scion maturity profile. Here, we employed a molecular strategy to investigate the maturity of 
pre-graft and post-graft trees of these commercially significant crops, using both seedling and 
cutting rootstocks.  
The pre-grafting material preparation and post-grafting tree handling/conditions are different 
in avocado and macadamia. Generally, avocado seedlings can be used as rootstocks for grafting 
as young as two months old. On the other hand, macadamia seedling rootstocks require at least 
one year after germination to be ready for grafting. The preparation of clonal/cutting rootstocks 
for each crop is also different, with specialised techniques required to induce root formation on 
the mature cuttings of each species.  In both species however, the source materials for clonal 
rootstock propagation (budwood/cutting) are taken from a mature tree. However, it is still 
unknown whether these rootstocks (clonal/cutting) maintain the same maturity level as their 
source tree after going through the rooting process.  
Using the miR156-SPL4/miR172 model of juvenility and phase transition, here we examined 
the maturity level of the pre-graft materials in addition to the grafted plant at the time of typical 
commercial supply. Avocado seedling scions and rootstocks showed a juvenile miRNA profile 
compared to the budwood taken from a mature tree: seedlings showed a high abundance of 
miR156 while budwood material had a low transcript abundance, and vice versa for its 
downstream targets PaSPL4 and miR172. A similar pattern was observed for macadamia 
seedling rootstocks pre-grafting. This aligns with previous findings in avocado and macadamia 
(Chapter II) and other crops [13, 15] where a similar molecular profile was associated to 
juvenile and adult plants. We further observed that avocado clonal rootstocks have a similar 
miRNA profile to the budwood material, with low miR156 and high miR172 abundance, and 
negative correlation to their target transcripts (PaSPL4 and PaRAP2.7A) (Fig. 3.1). Similarly, 
in macadamia, the miRNA profile of cutting rootstocks was significantly different to that of 
seedling rootstocks and consistent with the roles of these genes in other species. This suggests 
 
 
81 
 
that even though these clonal rootstock plants were subjected to an intense rooting process they 
retained the maturity level of their source trees. 
Previously, it has been suggested that miR156 and miR172 are graft transmissible miRNAs in 
potato [9, 10]. The question here is whether genetically different parts of the grafted tree (scion 
and rootstock) can interchange molecular signals involved in juvenility. In order to profile 
maturity-related miRNAs of avocado and macadamia trees post-grafting and detect any 
possible inter-graft signalling from rootstocks of different maturity, we evaluated post-graft 
samples for miR156 and miR172 abundance and target gene effects. Consistent with the role 
of miR156 in juvenility promotion in plants [12, 13, 15, 23], miR156 abundance in avocado 
seedling scions remained significantly greater than in budwood scions post-grafting. In 
addition, an anti-correlative association was observed between miR156 and its predicted target 
gene PaSPL4. For budwood scions, neither miR156 or PaSPL4 were affected by rootstock 
maturity (seedling vs clonal). Thus, despite the difference in miR156 and PaSPL4 abundance 
between the two rootstock types pre-grafting, there appears to be no transmissibility of this 
status to mature budwood scions.  
Commercially propagated avocado plants comprising budwood scions grafted on either 
seedling or clonal rootstocks are observed to acquire floral competency in very next season 
after field planting. However, this phenomenon has not been quantified in the literature to our 
best knowledge. Grafts using mature scionwood produced flowers the next flowering season 
after grafting. Meanwhile, grafts with seedling scions did not produce flowers regardless of 
rootstock. This aligns with field observation and the molecular data showing primarily scion 
control of juvenility associated genes discussed above. Moreover, the same phenomenon was 
observed in macadamia grafts where no difference was observed for the miR156/SPL4/miR172 
transcript in grafts using seedling and cutting rootstocks.  
Nonetheless, here we provide some limited evidence for inter-graft regulation of miR156 and 
miR172 in avocado in at least one grafting combination and timepoint. At 3 months post-
grafting, the expression of miR172 in budwood scions was affected by rootstock, with levels 
reduced to those seen for seedling scions specifically in budwood grafted on seedling 
rootstocks. This may provide evidence for a possible repressor of miR172 moving from the 
seedling rootstock to the mature scion, or a promoter of miR172 moving from the clonal 
rootstock. An obvious candidate for a negative regulator would be a mobile miR156, or 
miR156-regulated, signal, given that miR156 is indirect negative regulator of miR72 in 
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Arabidopsis and other plants [13, 15, 23, 31]. However, we saw no evidence for increased 
miR156 abundance in budwood scions grafted on seedling rootstocks at this time (Fig. 3.2A). 
Ultimately, by 6 months post-grafting, the levels of miR172 in budwood scions was equivalent 
between seedling and clonal grafts. This suggests that even though there may be early graft-
transmissible effects, miRNA transcript level in the scion largely depends on the scion material.  
In a commercial nursery setting, the leaves are normally left on clonal rootstocks as these leaves 
are considered critical for graft success. Seedling rootstocks lack leaves however they are still 
fed from the cotyledonary energy stores, thought to help with graft take. Generally, leaves are 
known to be involved in multidirectional long distance signalling in plants; towards both root 
and apical meristems [32-34]. The movement of molecular factors from leaves to the apical 
meristem has already been established [33]. We hypothesized that the presence of leaves 
specifically on clonal rootstocks could be a differentiating factor, unrelated to maturity, 
affecting rootstock-dependent gene expression in the scion. Here we reveal that removing 
leaves from clonal rootstocks does influence miR156 and miR172 transcript abundance in the 
scion (Fig. 3.7). Leaves are the powerhouse of the plants and the main source of 
energy/photosynthate production. To further investigate whether the carbohydrate availability 
of the plant may contribute in this scenario we profiled the carbohydrate availability marker 
TPS1 (a key enzyme in T6P pathway) which is known to interact with age-dependent flowering 
pathway upstream of miR156[20]. We show that PaTPS1 transcript abundance decreased in 
grafts where leaves were removed from the rootstock (Fig. 3.7B). This suggests that leaves 
below the graft union contribute to sugar signalling in the scion in these species. In this way, 
removing leaves likely impacts the carbohydrate availability to the plants supporting the 
commercial industry practice to retain leaves to increase graft success. This is further evident 
from our observation that graft success was less than 30% in grafts where leaves were removed 
from rootstocks.  
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Fig. 3.7 Proposed inter-graft signalling in 3 month-post grafted avocado trees - leaves on the 
rootstock contribute to graft-signalling. Intact leaves in the rootstock effect transcript abundance in 
the scion (A. avocado grafts with leaves on rootstock), where miR172 and PaTPS1 were upregulated. 
On the other hand, removing leaves results in an increase in miR156 transcript abundance and 
downregulation of miR172/PaTPS1 in the scion (B. avocado grafts without leaves on clonal rootstock). 
This suggests a possibility of leaf-regulated graft transmissibility of signals affecting miR156, miR172 
and TPS1 transcript abundance in the scion. 
In conclusion, here we suggest that grafted tree maturity is governed largely by the scion in 
avocado and macadamia. However, we provide some evidence for graft transmissible 
regulation of miR156 and miR172, which may involve leaves below the graft union. Our 
findings are consistent with industry observations of grafted tree maturity and for the first time 
have started to explain the underlying molecular mechanisms involved. This information will 
help to better understand bottlenecks in grafting, graft success and propagation of horticultural 
trees, where type of scion and rootstock material greatly effect propagation success and 
operational costs. 
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3.4 Material and Methods 
3.4.1 Avocado grafting 
All avocado plant materials for grafting experiments were generated at Anderson Horticulture 
Pty Ltd (Duranbah, NSW, Australia). Approx. 2 month old seedlings of cultivars ‘Velvick’ and 
‘Hass’ were generated for seedling rootstocks and scions respectively. Clonal rootstocks of 
‘Velvick’ were prepared using the Frolich method modified from Ernst, 1999 [35, 36], and 
‘Hass’ mature scionwood (budwood) for mature scions was collected from adult trees as per 
commercial practise at Anderson Horticulture. Wedge grafts (Fig. 3.8A) were made in four 
possible combinations of 12 plants (scion/rootstock) (Fig. 3.8C-F): 1) budwood 
‘Hass’/seedling ‘Velvick’, 2) budwood ‘Hass’/clonal ‘Velvick’, 3) seedling ‘Hass’/seedling 
‘Velvick’, and 4) seedling ‘Hass’/clonal ‘Velvick’. Leaf samples were collected immediately 
pre-grafting and at 3 months and 6 months post-grafting. Another independent experiment was 
designed to determine the effect of clonal rootstock leaves on inter-graft signalling. Here 
budwood ‘Hass’ was grafted on ‘Velvick’ clonal rootstocks in two groups of 12; 1) ‘With 
Leaves (WL)’ - where leaves were left on the rootstock as per conventional practice, 2) 
‘Without Leaves (WOL)’ - where leaves were removed from the rootstock (Fig. 3.8G, H)). 
Leaves for expression analysis were sampled 3 months post-grafting. In all cases, the youngest 
fully-expanded leaf was sampled and pooled into three biological replicates directly on dry ice 
and stored at -80oC freezer.  
3.4.2 Macadamia grafting 
Budwood of macadamia cultivar ‘HAES741’ was grafted onto seedling and cutting rootstocks 
of ‘H2’ and ‘HAES842’ at Maroochy Research Facility glasshouse, Nambour, QLD, Australia. 
Both seedling and cutting rootstocks were prepared following existing protocols [37, 38] and 
grown for 16 months. Initially, scion wood of ‘HAES741’ was cinctured at least six weeks 
before grafting. Mature scionwood (budwood) was whip grafted (Fig.8B) onto the seedling and 
cutting rootstocks of ‘H2’ and ‘HAES842’ of six plants each. Grafted trees were grown in a 
shed house for 8 months prior to planting in the field. On the day of grafting, leaves were 
sampled from the rootstock plants prior to grafting. Macadamia grafts generally takes a longer 
time to heal and normally are ready for field plantation one year after grafting. Taking this into 
account, leaves were sampled from one year old grafted plants after field plantation. Both for 
pre and post-graft sampling the youngest fully expanded leaves were sampled using dry ice 
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and were subsequently stored in -80oC freezer.  
 
Fig. 3.8 Grafting techniques and combinations used. Schematic diagrams of (A) Wedge grafting in 
avocado and (B) Whip grafting in macadamia. Simplified graphical representations of avocado graft 
combinations 3 month post-grafting: (C) seedling scionwood grafted on seedling rootstock, (D) mature 
scionwood grafted on seedling rootstock, (E) seedling scionwood grafted on clonal rootstock and 
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(F)mature scionwood grafted on clonal rootstock. Photographs of avocado defoliation experiment 
combinations on the day of grafting: (G) grafts without leaves on rootstock, (H) grafts with leaves on 
rootstock. 
3.4.3 RNA extraction 
Leaf tissues were ground to fine powder under liquid nitrogen and total RNA was extracted 
using a MasterPure Plant RNA Purification kit (Epicentre, USA). RNA was quantified using a 
Nanodrop ND-1000 spectrophotometer and quality assessed on 1% TAE agarose gels. For 
miRNA quantification, 500ng total RNA was utilized for low-molecular weight cDNA 
synthesis with a miScript Plant RT Kit (Qiagen, Netherlands). For gene quantification, 600ng 
of total RNA was used to synthesize high molecular weight cDNA using a SensiFAST™ cDNA 
Synthesis Kit (Bioline, Australia). 
3.4.4 Quantitative Real Time Polymerase Chain Reaction 
3.4.4.1 miRNA quantification 
qRT-PCR reactions were performed in duplicate for each biological replicate using a miScript 
SYBR® Green PCR Kit (QIAGEN, The Netherland). The primer sequences of miRNAs 
(miR156 and miR172) and housekeeping transcripts (U6 [39], 5.8S rRNA [40]) are shown in 
Supplementary Table S3.4. Reactions were performed on a Rotor-Gene Q 6000 (Qiagen, The 
Netherlands) and visualized using Rotor-Gene Q 2.3.1.49 software (QIAGEN, The 
Netherland). 
 
 
3.4.4.2 Gene quantification 
Primer sequences from our recent manuscript (Chapter II) were utilized for gene quantification 
(Supplementary Table 1) using a SensiFAST™ SYBR® No-ROX Kit (Bioline, Australia) in a 
BioRad CFX384 Touch™ Real-Time PCR Detection System (Bio-Rad, USA) in accordance 
with manufacturer instructions and visualized on CFX Manager™ Software (Bio-Rad, USA).  
For all qPCR runs, PCR efficiencies were computed using LinReg PCR version 7.5 (University 
of Amsterdam, Netherlands). This Data was then further analysed and evaluated to determine 
the relative abundance of miRNA and genes by employing the formula: 
 
 
87 
 
 Relative abundance/expression = Gene PE^ (-Gene Ct)/Control PE^ (-Control Ct) 
 where PE is primer efficiency and Ct is cycle threshold of each reaction. To check statistical 
significance of the data, a one-way analysis of variance (ANOVA) was done with Tukey 
correction (a post-hoc multiple comparison tests to compare means) using SPSS version 23 
(IBM, USA). The averages of relative expression of miRNAs and genes were plotted with 
standard error using GraphPad Prism 6 (GraphPad Software Inc.). 
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3.6 Supplementary information 
 
Supplementary Fig. S3. 1 Expression analysis of (A) PaSPL9a, (B) PaSPL9b, (C) PaRAP2.7A and 
(D) PaAP2 in pre-graft avocado leaves sampled from the seedling rootstock, clonal rootstock, seedling 
scion and budwood scion. Error bars represent standard error of the mean (n=3), and significant 
differences are shown in different letters (p<0.05). 
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Supplementary Fig. S3. 2 Expression analysis of (A). PaSPL9a, (B). PaSPL9b, (C). PaRAP2.7A and (D). PaAP2 in 
post grafting avocado leaves, cv. Hass as scion and cv. Velvick as rootstock. Where, S/S= seedling scion on seedling rootstock, 
B/S= budwood scion on seedling rootstock, S/C= seedling scion on clonal rootstock and B/C= budwood scion on clonal 
rootstock. Error bars represent standard error of the mean (n=3). 
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Supplementary Table S3. 1 Graft success observed for avocado grafts. 
1 
Graft combination 
Total 
grafts Success Died 
Graft success 
% 
Budwood Hass/ Seedling Velvick 22 20 2 90.90909091 
Seedling Hass/ Seedling Velvick 21 12 9 57.14285714 
Budwood Hass/ Clonal Velvick 12 10 2 83.33333333 
Seedling Hass/ Clonal Velvick 12 5 7 41.66666667 
      
2 Leaf removal vs intact leaves in 
rootstock part experiment 
Total 
grafts Success Died 
Graft success 
% 
Budwood Hass/ Clonal Velvick with 
intact leaves  12 10 2 83.33333333 
Budwood Hass/ Clonal Velvick Without 
leaves 12 3 9 25 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
93 
 
 
Supplementary Table S3. 2 Phenotypic observation for flowering and plant height in the avocado 
grafted plants. Where, Hb= Budwood Hass, Hs= Seedling Hass used as scion, Vs= Velvick seedling 
rootstock and Vc= Velvick Clonal rootstock. 
Graft 
combination 
sample 
no 
Flowering- (July – 8-months post-
grafting) 
Height (cm) 6 months post-
grafting 
Hb/Vs 1 yes 45 
Hb/Vs 2 yes 48 
Hb/Vs 3 yes 40 
Hb/Vs 4 yes 52 
Hb/Vs 5 yes 53 
Hb/Vs 6 yes 50 
Hb/Vs 7 yes 44 
Hb/Vs 8 yes 49 
Hb/Vs 9 yes 45 
Hb/Vs 10 yes 39 
Hs/Vs 1 No 44 
Hs/Vs 2 No 51 
Hs/Vs 3 No 28 
Hs/Vs 4 No 39 
Hs/Vs 5 No 42 
Hs/Vs 6 No 54 
Hs/Vs 7 No 37 
Hs/Vs 8 No 50 
Hs/Vs 9 No 41 
Hs/Vs 10 No 49 
Hb/Vc 1 Yes 95 
Hb/Vc 2 Yes 100 
Hb/Vc 3 Yes 93 
Hb/Vc 4 Yes 85 
Hb/Vc 5 Yes 93 
Hb/Vc 6 Yes 98 
Hb/Vc 7 Yes 90 
Hb/Vc 8 Yes 81 
Hb/Vc 9 Yes 101 
Hs/Vs 1 No 93 
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Hs/Vs 2 No 100 
Hs/Vs 3 No 900 
Hs/Vs 4 No 86 
Hs/Vs 5 No 74 
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Supplementary Table S3. 3 Phenotypic observation for flowering and plant height in the macadamia 
grafted plants 1 year post grafting. 
Combination 
Flowering (1 Year Post-
grafting) Height (cm) 1 Year post-grafting 
HAES741/H2 Cutting   No 35 
HAES 741/H2 Cutting   No 22 
HAES 741/H2 Seedling   No 41 
HAES 741/H2 Seedling   No 29 
HAES 741/H2 Seedling   No 44 
HAES 741/H2 Seedling   No 25 
HAES 741/H2 Seedling   No 53 
HAES 741/H2 Seedling   No 48 
HAES741/HAES842 Seedling   No 33 
HAES741/HAES842 Seedling   No 27 
HAES741/HAES842 Cutting   No 39 
HAES741/HAES842 Cutting   No 37 
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Supplementary Table S3. 4 Primers used for miRNA and gene quantification. 
No. Gene F Primer R Primer  
1 miR156 TGACAGAAGAGAGTGAGCAC Universal Primer 
2 miR172 AGAATCTTGATGATGCTGCAT Universal Primer 
3 
U6 SnoRNA 
(Avocado) 
GGATGACACGCACAAATCGA
G Universal Primer 
4 
U6 SnoRNA 
(Macadamia) 
GGATGACATGCACAAATCGA
G Universal Primer 
5 
5.8S ribosomal RNA 
rRNA 
GAATTGCAGAATCCCGTGAAC
C Universal Primer 
6 PaRAP2.7A/TOE1A 
GCAGTAGAGAGGGCTGAACT
C 
GTAACAGTAGGTAGGAAAATGG
CC 
7 PaRAP2.7B CAACTACGAGGCTCTACTGC 
GCTTTCAGCTCTGGTAATAGTAG
G 
8 PaAP2 
GGAGCAGTAGTAATTGGGCTG
C CATAATCAAGGGTCAGGTAGGTC  
9 PaSPL4 
CGTTGGTTCTCTACTATGCTCT
C GTACCTACTGGCACAGATAGC 
10 PaSPL9a CTTTGGCAGGGTAGCATAGAG GCTGTGATACCCGAAGCTCG 
11 PaSPL9b GCAGGAATCTCCAACTCCAG TGGCACTATGACTTGGTGGA 
12 PaTPS1 CTTCAAGCGAGGGATATGCT TGCTGCACCCTTTGTAACAC 
13 PaGAPDH TGGGAAACTTACAGGAATGG GTCACCCACAAAGTCAGTAGAA 
14 PaEF1a ATCAAGCGTGGGTTTGTTGC TACCCGTTGCCAATCTGACC 
15 MciAP2 CTGCTGGATCACCCCAACTG ATGTCAGGTGGGTCTCATG 
16 MciSPL4 ACCATTGCAGGCAGGCTGAC GTACCAGCATGAAAGGAAGC 
17 MciGAPDH GGAGTCAGAGGGTAGCCTGA ACCAGGAGACAAGCTTCACG 
18 MciEF1a GAACGTCGCAGTTAAGGATC GAGGTGTGGCAATCAAGCAC 
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Chapter IV 
 
 
 
 
 
 
 
 
4 Molecular cues for phenological events in the 
flowering cycle in avocado and macadamia 
 
 
 
 
 
 
 
 
 
Successful flowering in the crop cycle is key for high yield in avocado and macadamia. Very 
limited information is available on the molecular factors that regulate flowering in these crops. 
In this chapter, the role of molecular factors in the flowering cycle of the avocado and 
macadamia was determined. Sampling (leaves and buds) from avocado and macadamia field 
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trees was conducted every four to six weeks for two years. Our Small Tree High Productivity 
Initiative (STHPI) collaborators from Bundaberg collected and dispatched sampled to the lab 
(See acknowledgement section). Rosanna Powel, a research technician, and I extracted total 
RNA and prepared cDNA. I shortlisted transcripts from literature and identified these in the in-
house transcriptomic data and then profiled them using qRT-PCR. These transcripts were 
evaluated with the seasonal changes and potential markers for floral induction were suggested. 
This study provides a detailed overview of how genes are expressed in real time over the crop 
phenology. This chapter is a presented as a manuscript that will be submitted for publication. 
Part of this study is published as a conference proceeding in Acta Horticulturae: 
10.17660/ActaHortic.2018.1205.84. 
4.1 Introduction 
Producing flowers is a key adaptation strategy that evolved in angiosperms for their survival. 
Plants are only able to flower once they make a switch from juvenile to reproductive phase. 
Annual plants like Arabidopsis take only a few weeks before they can flower under favourable 
conditions. On the other hand, perennial trees face a multiple-year delay (long juvenile phase) 
before the onset of flowering. The tree can then cycle between vegetative growth and flowering 
for several years. Flowering is a demanding task and requires morphological and physiological 
changes in plants combined with an ability to interact with environmental factors. Various 
pathways have been characterized that involve the interaction of endogenous and 
environmental cues in regulating flowering time. Of these, the photoperiodic pathway is key, 
where day length is critical for flowering [1, 2]. Based on photoperiod, plants can be 
differentiated into three groups: short-day plants (SD) (floral induction when the day length 
falls below the critical day length (CDL)), long-day plants (LD) (floral initiation only when 
day length exceeds CDL) and day-neutral plants (DN). Other pathways include age-dependant, 
temperature-dependant, vernalization (chill), hormonal and autonomous-pathway (endogenous 
cues independent of external factors) [1-5]. 
In Arabidopsis, CONSTANS (CO) and Flowering Locus T (FT) are key genes downstream of 
these pathways, including the photoperiodic, where their expression is tightly regulated by the 
day length [6]. The CO transcript encodes a zinc finger protein and acts as a floral activator 
[7]. Arabidopsis flowers under long-day conditions via phyto receptors that activate CO 
activity in the leaves [8]. CO then positively activates FT gene transcription in the leaves. FT 
is one of the most widely investigated floral genes in annual as well as perennial trees. FT 
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belongs to a small group of proteins that are structural similar to the mammalian 
phosphatidylethanolamine-binding protein (PEBPs) [9]. This gene family comprise of six 
members in Arabidopsis. FT and Terminal Flower 1 (TFL1) are closely related genes that 
belong to this family and share approximately 56% amino acid identity [10]. Interestingly, 
however, FT and TFL1 function oppositely: FT promotes flowering while TFL1 is known to 
repress reproductive transition [11]. Other members of the FT-related PEBP gene family 
include: TWIN SISTER OF FT (TSF), MOTHER OF FT AND TFL1 (MFT), BROTHER OF FT 
AND TFL1 (BFT) and CENTRORADIALIS (CEN) [11]. Whereas AtTSF and AtMFT function 
redundantly with AtFT by promoting flowering [12, 13], AtBFT and AtCEN are known to 
interact in flowering pathways similarly to AtTFL1 by repressing floral transition [14, 15].  
Following the activation of FT through CO regulation in the leaves, the FT protein gets 
transported to the shoot apical meristem (SAM) via the phloem, suggesting FT is a mobile 
molecule [16]. In the SAM, it interacts with Flowering Locus D (bZIP transcription factor) and 
forms an FT-FD complex, which plays a major role in flowering through activation of various 
floral meristem identity genes, including APETALA 1 (AP1), SEPALLATA3 (SEP3) and 
FRUITFULL (FUL) [16-18]. SUPPRESSOR OF OVEREXPRESSION OF CO1 (SOC1), 
alongside FT, is another primary flowering promoter that combines both endogenous and 
environmental factors into a floral gene network [19]. SOC1 belongs to the MADS-box gene 
family and is known to be involved in regulating flowering time and floral patterning [20]. 
SOC1 is positively regulated by FT/CO [21, 22], gibberellin [23], and the age-dependent 
pathway [20].  
Short Vegetative Phase (SVP)/Dormancy Associated MADS-box transcripts (DAM) inhibit 
flowering [24, 25]. Recent finding suggests that DAM transcripts are known to control 
dormancy transition in pears [26]. On the other hand, dormancy release results in the 
upregulation of D-type cyclin (CYCD) transcripts which are involved in cell proliferation [27, 
28]. SOC1 partly controls the expression of the floral repressor SVP/DAM as it can bind to the 
SVP regulatory sequence [29].  
Furthermore, SOC1 positively regulates the SQUAMOSA PROMOTER BINDING PROTEIN-
LIKE (SPL) transcription factors (SPL3/4/5) to activate AP1 and FUL [18, 19]. A specific 
microRNA, miR156, negatively regulates SPL3/4/5 [30]. miR156 works antagonistically with 
miR172 in the age-dependent flowering pathway, where a decrease in miR156 and increase in 
miR172 mark vegetative to floral phase transition during plant development [31-33]. In 
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Arabidopsis, miR156 negatively regulates 10 out of 16 SPL transcripts including SPL2/10/11, 
SPL3/4/5, SPL6/13 and SPL9/15 [34, 35]. Out of these, SPL3/4/5 and SPL9 were demonstrated 
to interact with the transcripts involved in the flowering pathway [36-38]. SPL3/4/5 transcripts 
are associated with the light-dependent flowering pathway via SOC1 and FT in a positive 
feedback loop [18, 36]. The regulation of SPL3/4/5 through SOC1 is independent of miR156 
regulation [18]. 
SPL9 is known to positively regulate miR172 transcription as it can bind to the regulatory 
region of MIR172B [33]. miR172 negatively regulates six APEALA 2-like floral repressors: 
AP2, TARGET OF EARLY TAGGED ACTIVATION 1 (TOE1), TOE2, TOE3, SCHLAFMUTZE 
(SMZ) and SCHNARCHZAPFEN (SNZ), the majority of which via translational inhibition [39-
42]. Overexpression of miR172 in both LD and SD conditions results in an early flowering 
phenotype [8]. On the other hand, overexpression of the targets of miR712 induces late 
flowering [8]. Moreover, AP2 is known to negatively regulate the activity of AGAMOUS (AG), 
SOC1 and AP1as it can bind to their promoter regions [43]. Thus, through the repression of 
AP2 like transcripts, miR172 promotes FT expression indirectly [8].  
Horticultural tree crops are different from annual plants as after acquiring the floral 
competence; they enter into annual flowering cycle (crop phenology) which can last for several 
years. Avocado and macadamia are important tree crops popularly grown in 
tropical/subtropical climate around the globe. In South East Queensland (SEQ), Australian 
conditions, where tissue samples were collected in this study, the ‘Hass’ avocado floral bud 
break (visual observation) happens in July (mid-winter) and the trees bloom up to mid-
September. Vegetative growth/flush occur twice annually and consist of a spring flush and a 
summer flush. Following fruit set, in October, avocado fruit development lasts until June when 
it is harvested commercially (Supplementary Fig. S4.1a) [44, 45]. Under the same growing 
conditions (SEQ, Australia) conditions, macadamia cv. HAES741 starts flowering in mid to 
late July and continues flowering until mid-September, with maximum flowering intensity in 
late August to the first week of September. Nut development usually starts from late August to 
early September and the nuts attain around 70 % of their mature size by December. Macadamia 
nut drop usually starts in March the following year and the next crop cycle starts with floral 
initiation in May/June. The basic phenological difference between avocado and macadamia is 
the length of fruit development period (which is comparatively shorter in macadamia than 
avocado) (Supplementary Fig. S4.1b) [44, 46]. The general field observations on how 
inflorescences/racemes are produced is different for both tree crops. While avocado tends to 
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produce flowers towards outer canopy on terminal buds, whereas, macadamia has inner canopy 
flowering habit (axillary buds). 
To date, the genetic regulation of flowering has been shown in annual as well as some perennial 
plants [1, 47-51]. However, it remains to be seen whether same regulatory modules regulate 
flowering in the vast majority of cultivated tree crops where yield depends on successful 
flowering. To explore how phenological changes in avocado and macadamia corresponds to 
the molecular cues, key gene transcripts including FT, AP1, CO, SOC1, FUL, miR156/SPL and 
miR172/AP2 were examined in the leaves and buds in the genetically diverse avocado and 
macadamia tree species, monthly for over two crop cycle. No clear evidence was found to relate 
miRNAs expression to any phenological event or seasonal climatic change. On the other hand, 
AP1, FUL, SPL9, SEP3, AGL4 and CYCD were upregulated during/after the floral induction 
period. Furthermore, the accumulation of SOC1 positively correlates with SPL4.  
4.2 Results 
4.2.1 Transcript identification and phylogenetic analysis 
The transcripts from the PEBP (phosphatidylethanolamine-binding protein) family including 
FT, MFT and TFL1, CONSTANS like and MADS-BOX genes (AP1/FUL, SEP, SOC1 and 
SVP/DAM), were identified from the available transcriptomic and genomic resources (See 
Materials and Methods). The transcripts previously identified for SPL and AP2 like genes were 
also investigated for crop phenology (Ahsan et al., Submitted). Moreover, already identified 
PaFT and PaAP1 were retrieved from NCBI online database [51]. A phylogenetic analysis was 
performed to gain more insight into each gene family. 
4.2.1.1 FT-related PEBP (phosphatidylethanolamine-binding protein) genes 
A phylogenetic tree was constructed using FT, MFT and TFL1 transcripts from different plant 
species to avocado and macadamia transcripts using MEGA default settings (See Materials and 
Methods). All the PEBP proteins were phylogenetically grouped into three clades, i.e., FT, MFT 
and TFL1-like, as was previously established in other plants [52] (Fig. 4.1a). MFT homologs 
of avocado and macadamia clustered closely in the tree, while FT homologs of these trees 
clustered apart (Fig. 4.1a). Furthermore, a multiple sequence alignment revealed structural 
differences among these clades (Fig. 4.1b; selected region is shown). For instance, the FT clade 
has unique amino acids tyrosine (Y), tryptophan (W) and glutamine (Q) at sites 22, 80 and 82, 
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respectively. Similarly, the MFT clade has leucine (L), glycine (G) and proline (P) at sites 1, 
33 and 51, respectively. The TFL1-like clade showed a unique amino acid sequence of glycine 
(G), histidine (H), isoleucine (I) and aspacrtic acid (D) at site number 13, 22, 52 and 82. These 
amino acids were phylogenetically conserved across different species in each clade and had 
been maintained by natural selection. 
4.2.1.2 CO-like transcripts 
Various CO-like transcripts from Arabidopsis and some perennial plants were aligned with the 
transcripts identified here and a phylogenetic tree was constructed (Fig. 4.2a). MciCOa was 
phylogenetically closely related with avocado COa and COb. Macadamia homolog MciCOb 
clustered with apple and mango CO alongside AtCOL3/4. The multiple sequence alignment 
revealed some avocado and macadamia specific amino acids (Fig. 4.2b). At site 1, glutamic 
acid (E) and glycine (G) were PaCOa and PaCOb specific, respectively. Moreover, at site 56 
threonine (T) was also avocado specific. Methionine (M) and valine (V) were MciCOa specific 
at site number 3 and 65. This suggests a possibility of a specific role of these species-specific 
residues 
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Figure 4.1 Phylogenetic analysis of FT related PEBP family genes from different plants including 
avocado and macadamia. a PEBP family proteins phylogenetic tree constructed with Maximum 
likelihood analysis of already published sequence from other crops (Supplementary Table S4.1) with 
identified FT related transcripts from avocado, macadamia (See Materials and Methods section for tree 
parameters). b Sequence alignment of the PEBP domain of the FT, MFT and TFL1-like. The unique or 
dissimilar sequence from each clade is shown in the box. The Ft related transcripts from other crops 
(Supplementary Table S4.1) were aligned with the identified transcripts from the tree crops. 
4.2.1.3 MADS-box transcripts (AP1/FUL, SEP/AGL4, SOC1 and SVP/DAM) 
In the phylogenetic tree constructed, AP1/FUL, SEP/AGL4, SOC1 and SVP/DAM clustered in 
4 different clades as was described previously (Fig. 4.3a). It is pertinent to mention that the 
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avocado and macadamia SOC1 homolog clustered together with regard to their phylogenetic 
relationships. To gain further insight into their divergence a multiple sequence alignment of 
MADS-box domain was constructed using Arabidopsis and other plants transcripts with 
avocado and macadamia (Fig. 4.3b). It showed that some amino acids were unique for one 
clade or two clades or that all four clades have similar amino acids. For example, AP1/FUL 
and SEP/AGL4 have similar amino acids (glycine (G), valine (V), lysine (K) and isoleucine at 
site 2, 6, 14 and 15, respectively) that were different in the other two groups. AP1/FUL has a 
unique amino acid isoleucine (I) at site 35. Similarly, SEP/AGL4 has unique amino acids at site 
7 (glutamic acid) and site 33. The SOC1 clade has a unique amino acid, phenylalanine (F) at 
site 33. The SVP/DAM clade has glutamic acid, lysine, alanine, arginine, phenylalanine and 
threonine amino acids at site 4, 10, 16, 26, 29 and 51, respectively, which differentiate this 
clade from other MADS-box clades investigated here (Fig. 4.3b).   
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Fig. 4.2 Phylogenetic analysis of CONSTANS like genes. a phylogenetic tree constructed with 
Maximum likelihood analysis (See Materials and Methods section for tree parameters), b Sequence 
alignment of highly conserved B-box zinc finger domain region of CO-like transcripts with avocado 
and macadamia identified transcripts (Supplementary Table S4.2). Symbols (*) and (+) are used to 
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illustrate avocado or macadamia specific amino acid, respectively. 
 
Fig. 4.3 Phylogenetic analysis of MADS-box protein family 4 clades including AP1/FUL, SEP, 
SOC1 and SVP/DAM.  a phylogenetic tree constructed with Maximum likelihood analysis of already 
published sequence from other crops (Supplementary Table S4.3) with identified MADS-box family 
transcripts from avocado and macadamia (See Materials and methods section for tree parameters). b 
Sequence alignment of the MADS-box domain of AP1/FUL, SEP, SOC1 and SVP/DAM. The unique 
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sequence from each clade is shown in the box. 
4.2.2 Gene expression analysis in avocado leaves  
Following the identification of key flowering related genes, their temporal expression pattern 
were first examined using avocado leaevs sampled from the inner and outer canopy. To 
illustrate gene expression pattern, a heatmap was constructed with yearly normalized z-score 
values to get a glimpse of seasonal variation each year. In the leaves from the outer canopy, as 
shown in Fig. 4.4a, three main clusters were distinguished. Cluster I contain PaFT, PaFUL, 
PaMFTa, PaMFTb, PaSPL9a, PaSPL9b and PaRAP2.7A. The general trends for these 
transcripts suggest higher abundance before the actual flowering. Specifically, PaFT was 
upregulated during May/June during year 1 (2015/16). This trend was replicated for the year 2 
(2016/17) samples as well. PaSPL9a, PaSPL9b and PaRAP2.7A transcript abundance pattern 
was similar to PaFT pattern. In cluster II PaSPL4, PaSOC1a and PaAGL4 grouped. The 
general trend for these genes was higher abundance in April/May (before floral induction) and 
December/January. Cluster III contained PaAP2, PaRAP2.7B, PaAP1, PaSOC1b, PaCOa and 
PaCOb. This cluster further had two sub clusters where both CO homologs grouped, and the 
remainder of the transcripts clustered together in a separate sub-group. PaCOa and PaCOb 
were highly expressed just after the flowering was finished in both years. This trend was more 
obvious during the first year. The second sub-cluster genes (PaAP2, PaRAP2.7B, PaAP1 and 
PaSOC1b) had two expression peaks in year 1 crop cycle. On the other hand, during the 
following crop year these transcripts were highly expressed in September.  
Expression analysis of these transcripts in leaves from inside the canopy was different from the 
of the leaves from the outer canopy and suggested a differential expression pattern in these 
tissues. For most of the genes, expression was high during October to December after the 
flowering period each year. FT had a slightly similar expression trend to that observed in the 
outer canopy leaves (Fig. 4.4b).   
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Figure 4.4 Yearly gene expression pattern in the avocado leaves. Heatmaps of the relative abundance 
of transcripts in the leaves from a Outer canopy and b inside canopy. Yearly normalized Z-score was 
used to construct heatmaps in a color scale (where Red, represents higher expression and Blue, low 
abundance) to show transcript variation in a crop cycle. 
4.2.2.1 Avocado outer canopy flowering strategy 
The general observation regarding avocado flowering is that avocado the most distal terminal 
buds usually give rise to inflorescences. This may explain some of the key differences in gene 
expression noted between inner and outer canopy leaves (Fig. 4.4).  
4.2.2.2 FT and CO regulation in the outer canopy 
To better visualise the relationship between CO and FT transcript abundance in the outer 
canopy leaves, the expression of both transcripts was plotted in a line graph (Fig. 4.5). As 
mentioned above, avocados actively flower from July to September under SEQ, Australia 
conditions. Consistent with previous expression analyses revealing a strong transient peak in 
PaFT transcript levels in leaves of 'Hass' trees that flower in the spring, during early winter 
(end of October through November – in Israel) [51], here, FT was upregulated at around May 
to June in both years analysed. This higher transcript abundance was statistically significant 
compared to other time points across the year (p<0.05) in which FT largely remained lowly 
expressed (Fig. 4.5a). 
On the other hand, CO had higher transcript abundance after the flowering season ended 
(September to October) in the first year (Fig. 4.5b). This trend was replicated in the following 
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year. Comparing FT and CO transcript abundance, it was noted that an increase in CO transcript 
occured almost 2 months later than the peak in FT. There was no apparent positive correlation 
between CO and FT as has been reported in Arabidopsis [53].  
  
 
Figure 4.5 Expression of PaFT and PaCOa for 2 consecutive crop cycles in the leaves from the 
outer canopy. Relative abundance of a PaFT and b PaCOa was quantified utilizing qRT-PCR. Error 
bars represent standard error of the mean (n=4), and significant differences calculated by one-way 
ANOVA are shown by different letters (p<0.05). 
4.2.2.3 Comparing flowering strategy in the inner and outer canopy of avocado 
Since CO and FT act downstream of photoperiodic pathway [6], so it was important to see how 
FT and CO transcript abundance differ from the inner canopy (no direct sunlight) to outer 
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canopy leaves. To get a deeper insight Fig. 4.6a and 6b reveal a comparison between inner and 
outer canopy leaves in the abundance of these transcripts. Fig. 4.6a suggests that there is a 
difference in FT transcript abundance only at the time of floral induction where its abundance 
is high in outer canopy leaves. No notable difference was observed at other time points. 
Similarly, a significant difference was observed for CO transcript abundance during the 
flowering period (Jun-Oct). Specifically, during the end of each flowering season, in 
September-October, outer canopy leaves (receives direct sunlight) showed significant 
upregulation of CO as compared to the inner canopy leaves (no direct sunlight). (Fig. 4.6b). 
   
 
Figure 4.6 Transcript abundance comparison between inner and outer canopy leaves in avocado. 
Analogy of a PaFT and b PaCOa was drawn to check relative transcript abundance between inside and 
outside canopy. Error bars represent standard error of the mean (n=4), and significant differences 
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calculated by one-way ANOVA are shown by asterisk (P < 0.05= *, P < 0.01 = **, P < 0.0001 = ****). 
4.2.2.4 SOC1-SPL4 module 
It has been previously reported that SOC1 positively regulates SPL3/4/5 in Arabidopsis [18]. 
As discussed above in Fig. 4.4, SOC1 and SPL4 clustered together with similar expression 
pattern observed in leaves from the inside and outer canopy. To get a clearer idea, these two 
genes were plotted in a line graph with standard error from outer canopy leaves (Fig. 4.7). 
Consistent with previous findings, their transcripts were co-expressed over the two year crop 
cycle investigated here in such a way that when SOC1 increased the transcript abundance of 
SPL also increased, and vice versa.  
 
Figure 4.7 Expression pattern of PaSPL4 and PaSOC1a in avocado leaves from the outer canopy. 
Relative abundance of PaSPL4 and PaSOC1a was quantified using qRT-PCR. The illustrated error bars 
represent the standard error of the mean (n=4). 
4.2.2.5 Gene expression analysis in avocado terminal buds. 
Terminal buds in avocado eventually turn into flowers under favourable conditions. Here an 
investigation of various floral identity genes including FUL and AP1 with other related 
transcripts was conducted. Similar to the leaves, the terminal buds from the inner and outer 
canopy were sampled. Heatmaps generated from the yearly normalized z-score value of the 
transcript abundance of each gene are shown in Fig. 4.8. Floral identity genes (AP1 and FUL), 
as well as PaSPL9a, PaCYCD.3.1 and PaAGL4, clustered together in the illustrated heatmap 
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due to their similar expression pattern (Fig. 4.8a). These transcripts were highly expressed at 
during and after floral induction period between May and June, consistent with the previously 
shown trend for PaAP1 under Israel growing conditions [51]. This phenomenon was also 
replicated in the second crop cycle investigated. This is in line with their function in floral 
meristem identification and bud break. No clear pattern was observed for either SOC1 
homolog. Surprisingly, the PaSPL4 higher expression was observed in April each year (before 
floral induction). Meanwhile, the dormancy associated marker gene DAM1 expression 
remained very low during floral induction time. Generally, the expression of DAM1 was higher 
some months before actual flowering. A similar pattern was observed in the buds taken from 
inside the canopy where AP1, FUL, AGL4, CYCD.3.1 and SPL9a were highly expressed from 
July to September (during the flowering time) (Fig. 4.8b). On the other hand, dormancy related 
transcript (DAM1) abundance was minimal during the flowering time (July-September). 
Similar to that which was examined in leaves from the inside canopy, PaSPL4 and SOC1 were 
grouped with high transcript abundance right after flowering. 
 
Figure 4.8 Yearly gene expression pattern in the avocado terminal buds. Heatmaps of the relative 
abundance of transcripts in the terminal buds from a Outer canopy (facing sun) and b inside canopy 
(shade). Yearly normalized Z-score was calculated from qRT-PCR data and was used to construct 
heatmaps in a color scale (Red = higher expression, Blue = low expression) to show transcript variation 
in a crop cycle. 
4.2.2.6 Year to year variation in transcript abundance  
A heatmap was constructed to compare gene transcript abundance throughout two years (Fig. 
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4.9). It is clear from Fig. 4.9a that transcript abundance of most of the transcripts, including 
PaAP1, PaSPL4 and PaAP1, were higher in Year 1 than Year 2. Similarly, PaFT transcript 
abundance was higher during Year 1 than during Year 2 (Fig. 4.9a). Terminal buds showed a 
similar pattern where key meristem identity genes, including AP1 and FUL transcript 
abundance, were higher during Year 1 than Year 2 (Fig. 4.9b). This was then compared with 
the general field observation for the crop load (Supplementary Fig. S4.2), which suggest low 
crop load for year two (2016/17). The transcript abundance aligns well with the phenotypic 
observation where Year 1 (2015/16) crop load was higher than Year 2 (2016/2017) crop load. 
It also revealed that transcript abundance in avocado corresponds well with crop load. 
 
Figure 4.9 Year to year variation in gene expression pattern in avocado. Heatmaps of the relative 
abundance of transcripts in the outer canopy a leaves and b terminal buds. Z-score was calculated from 
qRT-PCR relative expression data and was used to construct heatmaps in a color scale (Red = higher 
expression, Blue = low expression) to show transcript variation for the 2 year investigation period. 
4.2.3 Gene expression analysis in Macadamia leaves 
Leaves from the inner and outer canopy were analysed for key genes that are known to be 
involved in flowering regulation. Their relative abundance was quantified utilizing qRT-PCR 
from the leaf tissues sampled every 4-6 weeks for 2 crop cycles and are illustrated as heatmaps 
using yearly normalized z-score value (Fig. 4.10a, b). Genes in the outer canopy leaves 
clustered into three groups based on their relative expression (Fig. 4.10a). FT related 
transcripts, MciFT, MciMFT and MciCEN, grouped with MciSPL9 and MciSOC1b. Their 
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general expression pattern suggests a higher abundance of these transcripts just before the 
actual flowering starts. In the second crop cycle investigated, these transcripts were highly 
expressed in October (after flowering), except MciFT which was also upregulated at floral 
initiation time (May) [54] (Fig. 4.10a). There was no notable expression pattern across the crop 
cycle MciAP2, MciSPL4 and MciSOC1. FT and CO expression pattern from inner and outer 
canopy leaves were similar (Fig. 4.10a, b).  
 
Figure 4.10 Yearly gene expression pattern in the macadamia leaves. Heatmaps of the relative 
abundance of transcripts in the leaves from a Outer canopy (facing sun) and b inside canopy (shade). 
The calculated Z-score was normalized in each year from qRT-PCR data and was used to construct 
heatmaps in a color scale (Red = higher expression, Blue = low expression) to show transcript variation 
in a crop cycle.   
4.2.3.1 Macadamia inner canopy flowering strategy  
Macadamia is a day-neutral plant and flowers in winter under SEQ (Australia) conditions. FT 
and CO transcript abundance measured through qRT-PCR was plotted from inner and outer 
canopy leaves (Fig. 4.11). MciFT transcript abundance was initially high during the floral 
induction time in May 2015. Then its abundance steadily decreased over time and was lowest 
in February-16, before increasing again in May. In the second crop year (2016), variable FT 
transcript abundance was observed (Fig. 4.11a. MciCOa expression in the first crop cycle was 
low in May before increasing to a peak in July, show the opposite trend to FT as it decreased. 
Overall, during the first crop year investigated, the abundance of COa was high compared to 
the second year, where it largely remained low except in February where its abundance was 
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high (Fig. 4.11b). Similar to the avocado FT and CO patterns, it is difficult to draw any 
correlation or anticorrelation among FT and CO.  
A comparison was drawn between the inside and outer canopy FT and CO expression to relate 
it with the field observation of macadamia inner canopy flowering habit. MciFT abundance 
was often slightly higher in the leaves from the inner canopy than from the outer canopy (Fig. 
4.11a). On the other hand, MciCOa abundance remained similar between inner and outer 
canopy leaves except at a few time-points (Jun-15: p<0.001 and Oct-15: P < 0.01) where COa 
expression was higher in the outer canopy leaves (Fig. 4.11b). 
 
Figure 4.11 Transcript abundance comparison from inner and outer canopy leaves in macadamia. 
The analogy of a MciFT and b MciCOa was drawn to check relative transcript abundance between 
inside and outside canopy. Error bars represent standard error of the mean (n=4), and significant 
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differences calculated by one-way ANOVA are shown by asterisk (P < 0.05= *, P < 0.01 = **, P < 0.001 
= ***). 
4.2.3.2 Transcript abundance in macadamia axillary buds 
In macadamia, the axillary buds from the inner canopy turn into floral parts provided there are 
favourable conditions to promote the meristematic transition to flowering. Here a comparison 
was drawn between outer and inner canopy bud transcript abundance. The outer canopy axillary 
bud’s transcript abundance suggests a variation in transcript abundance of different genes with 
hardly any correlation with any phenological event or seasonal climatic change, except FUL 
and TFL1. FUL and TFL1 transcript levels were higher during the flowering season (Fig. 
4.12a). On the other hand, as the axillary buds from the inner canopy are predicted to enter the 
flowering transition, an expression pattern for different genes was observed. Fig. 4.12b shows 
that transcripts are clustered in 3 main groups due to their similarities in transcript abundance 
pattern. The pattern of MiSOC1b and MciCYCD2.1, was similar in the inner leaves, being 
highly expressed in May-June each year. The floral meristem identity genes (FUL, SEP3 and 
AP1) had greater transcript abundance at the start of each flowering season. This pattern was 
similar to that of these genes in avocado terminal buds from the outer canopy. In Fig. 4.12b, 
MciSPL9, MciTFL1, MciSOC1a, MciSPL4 and MciDAM clustered in the same group. Like 
avocado DAM1 in outer canopy buds, here the inner canopy buds show a down-regulation of 
DAM at floral induction time in each crop cycle investigated. This is expected as DAM is related 
to dormancy of the buds and its downregulation allows flower production.  
 
Figure 4.12 Yearly gene expression pattern in the macadamia axillary buds. Heatmaps of the 
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relative abundance of transcripts in the axillary buds from a Outer canopy (facing sun) and b inside 
canopy (shade). Yearly normalized Z-score was calculated from qRT-PCR data and was used to 
construct heatmaps in a color scale (Red = higher expression, Blue = low expression, Black = no data) 
to show transcript variation in a crop cycle (See Materials and Methods for heatmap parameters). 
4.2.3.3 Year to year variation in transcript abundance  
Macadmia tends to produce racemes inside the canopy. To determine if transcript abundance 
patterns vary from year to year and whether that variation aligns with the yield, heatmaps for 
leaves and axillary buds from the inside canopy were generated using a z-score across both 
years. Field observation suggests that on average no crop load difference was observed between 
the two crop cycles for the trees investigated (Supplementary Fig. S4.3). Nonetheless, 
differences were observed in transcript abundance of various genes between the crop year 
investigated (Fig. 4.13). This suggests a possibility of other potential factors that might regulate 
the transcript abundance of these genes unrelated to crop load or seasonal climate changes.  
 
Figure 4.13 Year to year variation in gene expression pattern in macadamia. Heatmaps of the 
relative abundance of transcripts in a leaves (inside canopy) and b axillary buds (inside canopy). Z-
score was calculated from qRT-PCR relative expression data and was used to construct heatmaps in a 
color scale (Red = higher expression, Blue = low expression, Black = missing value) to show transcript 
variation across two yearly crop cycle. 
4.2.4 miR156 and miR172 abundance in avocado and macadamia crop cycle 
miR156 and miR172 are known to regulate flowering in annul plants [31-33]. Limited 
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information is available on miRNA regulation of annual crop cycle in the trees. Previously, we 
were able to demonstrate their potential role during juvenile to adult phase transition in avocado 
and macadamia (Chapter II). Further, to depict whether flowering induction and transition to 
flowering is accompanied by fluctuation in miR156 and miR172 transcripts, these miRNAs 
were quantified in the avocado and macadamia leaves sampled at distinctive time-points, 
before the predicted time of floral induction (early winter April-May) miR156 and miR172 
levels were quantified as well during flowering, fruit development, fruit maturation for two 
consecutive years. At the start of the study, the leaves were sampled four times in a year i.e., 
spring (September), summer (December), autumn (March) and winter (May). The first-year 
data were published as conference proceedings and suggested no change in miR156 and 
miR172 expression, except in avocado where miR172 was differentially expressed among time 
points [44].  
To further explore this phenomenon, we dissected more time points across the crop cycle; but 
as far first year miR156 expression, no significant change was observed over different seasons 
in two-year miR156 expression data. A comparison was drawn between miR156 and SPL 
targets (PaSPL4, PaSPL9a and PaSPL9b) expression data, and suggest a general year wise 
opposite expression pattern, where a higher abundance of targets was observed during first 
flowering season examined as compared to the following season where miR156 was highly 
expressed (Fig. 4.14a). This, however, was not true at some time points, for example, in March 
2015 where miR156/SPL expression pattern was similar. This may suggest regulation of SPL 
transcripts, independent of miR156 activity as was suggested in Arabidopsis (Fig. 4.14a) [18, 
55].  
On the other hand, miR172 expression in the second flowering season investigated initially 
decreased and was lowest in July (2015) (start of flowering), then steadily increased over time 
and was highest in following year’s May samples (harvesting time) (Fig. 4.14d). The miR172 
expression results of the two consecutive years were not similar. Moreover, no clear pattern 
between miR172 and its targeted AP2-like transcripts was observed (Fig. 4.14c).  
Similar to avocado, the transcript abundance of miR156 and miR172 were measured in 
macadamia leaves using qRT-PCR. There was no notable difference in miR156 abundance 
between different seasonal time-points during the first crop cycle investigated. Variation in 
miR156 expression was observed for the following year cycle (Fig. 4.15b). Further, comparing 
miR56 with SPL transcripts revealed a similar pattern as was observed in avocado, where at 
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some timepoints miR156 expression was opposite to the target transcripts, indicating miR156 
activity for SPL transcript regulation. However, at some timepoints (Dec-14 and Mar-15) 
miR156/SPL expression pattern was same, again suggesting a possibility of SPL transcript 
regulation independent of miR156 activity (Fig. 4.15a). Likewise, miR172 expression varied 
across the seasons and no correlation can be drawn with any phenological event/seasonal 
climatic change or with miR172 target AP2-like transcripts over the two year sampling period. 
These results are somewhat similar to what was observed in avocado where it was hard to draw 
any correlation between miRNAs and phenology (Fig. 4.15c. d). 
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Figure 4.14 Expression of miR156/miR172 and their putative target genes at various stages of the 
avocado 2 year crop cycle. Relative abundance of miR156 (b) and miR172 (d) was quantified by qRT-
PCR in the leaves. A heatmap (overall z-score comparison of miRNA and their target gene expression 
of (a) miR156 and SPL transcripts and (c) miR172 and AP2-like transcripts. Error bars represent 
standard error of the mean (n=3); and significant differences calculated by one-way ANOVA, are shown 
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by different letters (p<0.05). 
 
Figure 4.15 Expression of miR156, miR172 and their target transcripts at various stages of the 
macadamia two year crop cycle. Relative abundance of miR156 (b) and miR172 (d) was quantified 
by qRT-PCR in the leaves. A heatmap (overall z-score) comparison of miRNA and their target gene 
expression of (a) miR156 and MciSPL transcripts and (c) miR172 and MciAP2. Error bars represent 
standard error of the mean (n=3), and significant differences calculated by one-way ANOVA are shown 
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by different letters (p<0.05). 
4.3 Discussion 
In plants, successful flowering depends on a complex gene regulatory network that integrates 
endogenous and environmental factors to regulate different aspects of development and 
growth. Various studies have elucidated the genetic regulation of flowering and the interaction 
with signalling pathways such as photoperiodic, temperature and hormonal [1, 56]. These 
studies were done in annual plants, which after transitioning from the juvenile phase, produce 
flowers once in their lifetime. Perennial trees like avocado and macadamia are distinct from 
annuals because they live and reproduce across many seasons. After attaining reproductive 
competence, they enter into repeated annual flowering cycles where they usually undergo 
various physiological changes required for successful flowering. These physiological changes 
include floral bud formation, flowering, fruit set, fruit maturation and harvest/drop. Each of 
these physiological events are closely linked and fruit yield depends on successful attainment 
of all of these. There is limited information on how these events are regulated in economically 
important horticultural tree crops such as avocado and macadamia, despite the fact that these 
factors heavily influence crop yield. Characterizing the floral genetic regulatory network in 
these trees will help provide insight into the flowering process and can provide tools for 
breeders and industry to better adopt for precision agriculture.  
The Florigen, FT promotes floral induction in annual as well as some perennial plants and thus 
can be considered as a marker for floral induction [6, 15, 48-50, 57-59]. In contrast to annual 
plants, perennial trees enter a yearly flowering cycle after transitioning to reproductive phase 
and this annual flowering pattern can last for decades. It is only now that we are beginning to 
understand how FT is expressed over the year in perennial trees. Recently it has been suggested 
that FT is upregulated a few weeks before floral induction in trees including poplar [59], 
Rhododendron × pulchrum [58], Fagus crenata [50] and Citrus [49], and also in avocado [51]. 
Consistent with previous finding here, in avocado and also macadamia, FT transcript 
abundance was significantly higher a few weeks before floral induction/actual flowering. It is 
important to note that, unlike Australia's growing conditions, under Israel growing conditions, 
avocado exhibit agraviated alternate bearing patterns, where heavy crop load in one season 
significantly reduce the crop yield in the following flowering season [51]. A recent finding for 
an avocado alternate bearing study suggests that FT expression in Off leaf (sampled from fruit-
lacking trees), was significantly upregulated during the flowering induction period, as 
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compared to On samples (leaves from fully loaded trees) [51]. These findings provide an 
opportunity to think if FT transcript abundance can be used to predict future crop yield as 
fluctuation in FT transcripts can translate into fruit yield. 
FT is a key integrator in the flowering pathway and is triggered by photoperiod in Arabidopsis 
via CO [11]. The daylight has an influence on CO protein activity. In long-day plants like 
Arabidopsis CO accumulation results in the activation of FT, which eventually stimulate 
flowering [53]. On the other hand, in short-day plants like rice (Oryza sativa) Hd1 (AtCO 
ortholog) activity positively regulates Hd3a (AtFT ortholog) accumulation only in inductive 
conditions (short-day) and long nights are required for the induction of Hd3a, while in LD 
condition Hd1 represses Hd3a transcripts [48]. Similar to macadamia, previous studies 
suggested that avocado flower induction depends on a decrease in temperature, and not 
necessarily on the day length [60, 61]. PaFT mRNA accumulation was higher during floral 
induction time and decreases as flowering progresses. This is consistent with previous findings 
in ‘Hass’ avocado grown under Israel conditions [51]. As the PaFT expression decreases, 
PaCO mRNA accumulation starts increasing and was observed highest at the end of each 
flowering cycle (Fig. 4.5). One possible hypothesis to explain this phenomenon could be that 
PaCO represses PaFT expression under noninductive conditions. Keeping in mind CO role as 
a repressor in the short-day plant under LD condition [48] (however, it must be noted that 
avocado floral initiation may not depend on day length), it may be possible that CO probably 
sends signals to plant to repress flowering at the end of each cycle (where daylength starts 
increasing). This might perhaps verified through an experiment with potted avocado grafted 
trees, using SD and LD conditions, to compare CO and FT. In macadamia (floral induction 
requires a period of low temperature and is independent of day length, same as avocado) [62], 
there was no clear CO vs. FT correlation. Similar to avocado, FT accumulation was higher 
during floral induction time (Fig. 4.11a). Since macadamia is a day neutral plant and it requires 
low temperature to release floral bud dormancy, there is a chance that the FT regulatory 
pathway is acting independently of day length [63].   
FT is a mobile molecule, produced in the leaves and then it gets transported in the shoot apical 
meristem where it activates floral meristem identity genes including AP1, FUL and SEP3 [19, 
57, 64]. AP1 and FUL are closely related MADS-box genes and are known for their key role 
in floral meristem identity. Phylogenetic analysis shows that avocado and macadamia AP1 and 
FUL homologs clustered in the same clade (Fig. 4.3). In Arabidopsis, AP1 and FUL are 
upregulated during meristem identity transition. Here in avocado terminal buds, AP1 and FUL 
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were upregulated during floral induction/ bud break time (May-July, Fig. 4.8). This 
upregulation of PaAP1 during floral induction period was also evident from a study under 
Israel growing conditions [51]. This is the approximate time when buds start preparing for the 
development of floral parts [61, 65-67] which could suggest that these genes are similarly 
required during floral initiation in these species. Further, AGL4/SEP2, which is shown to 
regulate early flower development in Arabidopsis [68], was upregulated at the time when 
flowering starts in avocado. Similarly, in macadamia axillary buds, AP1 and FUL were 
upregulated during floral induction time. In macadamia, SEP3 which works downstream of FT 
in the flowering pathway was also upregulated at the same time. This suggests a possibility of 
SEP3 in the same pathway as AP1 and FUL. These observations make them strong candidates 
to use them as potential markers for floral initiation in avocado and macadamia. 
FT and SOC1 are the main floral integrators translating endogenous and exogenous floral 
signals into the genetic pathway [18]. The expression of SOC1 was monitored and correlated 
with the phenology of avocado and macadamia. Interestingly, the general expression pattern of 
SOC1 in the buds suggest its activity twice annually, before floral induction (April) and after 
flowering is finished (October-December) (Fig. 4.8a, 4.12b). A similar pattern was observed 
for SPL4 in avocado and macadamia buds. Previously, it has been suggested that SOC1 acts 
upstream of SPL3/4/5 and regulates floral meristem identity genes including AP1 and FUL 
through regulation of SPL3/4/5 [18]. The activity of SOC1-SPL3/4/5 in avocado and 
macadamia suggest a possibility that these genes are in the similar pathway as was determined 
in previous studies [18, 19].  
SPL3/4/5 is a target transcript of miR156, which along with miR172 and their putative targets, 
are thought to regulate vegetative phase transition and flowering in annual plants [31, 33, 38]. 
This pathway not only regulates phase transition, it also plays a role in inflorescence 
architecture, pollen development and grain morphology [37, 39, 69, 70]. miR156 and miR172 
profiles from avocado and macadamia leaves reveal that although there was variation in 
miRNA transcript abundance, no conclusive evidence was found to relate this variation to any 
phenological event or seasonal climatic change. Comparison of miR156 expression to the 
targeted SPL transcripts suggest largely opposite expression pattern between them. It also 
suggests a possibility of the regulation of SPL transcript independent of miR156 regulatory 
function, both in avocado and macadamia (Fig. 4.14, 4.15) [18, 55]. 
miR156 targets 10 SPL transcripts in Arabidopsis out of which SPL3/4/5 and SPL9 were 
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extensively investigated for phase transition and flowering regulation [17, 30, 31, 34, 71]. 
Limited information is available on the role of SPL transcripts in the yearly flowering cycle. 
Here, it was shown that both avocado SPL9 homologues were generally upregulated before or 
during floral induction time (Fig. 4.8). Like avocado, macadamia SPL9 showed increased 
activity during the flowering time (Fig. 12b). This expression pattern perfectly aligns with 
SPL9 proposed role in Arabidopsis flowering where it is thought to promote FUL and SOC1 
transcription [72]. 
Finally, it should be noted that recently, DORMANCY ASSOCIATED MADS-BOX (DAM) genes 
are identified in various woody species and are known to play a role in bud dormancy induction 
[24]. DAM genes are closely related with SVP transcripts and are demonstrated to regulate FT 
to induce dormancy [24, 26]. Here, in avocado and macadamia, DAM homologs were 
downregulated during the floral induction time, at the same time FT was upregulated. It 
suggests DAM may play a role in regulating dormancy as during floral induction time bud 
dormancy is released to flower. In contrast to DAM, D-type cyclin CYCD transcripts that 
regulate cell proliferation and are upregulated during dormancy release time [27, 28]. Not 
surprisingly, consistent with their proposed role [27, 28], CYCD transcripts were upregulated 
at the time of bud break/floral initiation in avocado and macadamia. Their expression pattern 
was similar to the meristem identity genes (AP1, FUL) in the buds and suggest a possibility of 
coregulation among these transcripts.    
In conclusion, here we identified sequences of key floral regulatory genes including FT, CO, 
FUL, SOC1, DAM, AGL4 and SEP3 from avocado and macadamia. Phylogenetic analysis 
showed that these identified genes share the conserved protein domain with their Arabidopsis 
counterpart. Based on the expression data, these identified transcripts were correlated with 
important phenological events or seasonal climatic change in the annual crop cycle. Based on 
this, here we suggest a few transcripts including FT (similar to previously discussed PaFT 
function as a florigen [51]), FUL and AP1 that could potentially be used as potential markers 
for floral induction in avocado and macadamia. These outcomes may create an opportunity to 
discuss these molecular factors and their role in tree flowering. This genetic information may 
be helpful to understand bottlenecks in flowering, breeding and ultimately productivity of these 
horticultural trees, where crop cycle and flowering heavily influence yield.   
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4.4 Material and Methods 
4.4.1 Transcript identification 
The NCBI database was thoroughly searched to find already characterized gene transcripts. 
PaAP1 and PaFT sequences were retrieved from the NCBI database [51]. Moreover, SPL-like, 
AP2-like and SOC1 transcripts and primers from Chapter II were used. Arabidopsis homologs 
were used to make BLAST searches to the available transcriptomic data led to the potential 
candidate transcripts using Geneious ver. 11. These potential transcripts were then translated 
into all possible combinations using Geneious in-built translator. The correct frame was 
identified by aligning the translated transcripts to Arabidopsis proteins. Pfam online tool was 
employed to confirm the integrity of the protein domain in the identified transcripts. To get 
more confidence, reciprocal BLAST on TAIR Arabidopsis and NCBI online databases were 
completed. Further, Open Reading Frame (ORF) was predicted comparing and aligning similar 
transcripts from all available transcriptomic databases and was verified using the NCBI ORF 
finder online. These newly identified transcripts were deposited in the NCBI public database 
(Supplementary Table S4.4).  
4.4.2 Phylogenetic analysis 
To illustrate divergence of FT-related PEBP, CO-like and MADS-box (AP1, SOC1, SEP and 
SVP/DAM) genes, phylogenetic trees were constructed in MEGA 7 following Maximum 
Likelihood phylogenetic analysis parameters with defaults setting. To analyse structural 
variations of amino acids in proteins, multiple sequence alignment was generated in Geneious 
ver 11, using Muscle alignment default parameter.  
4.4.3 Tissue collection, handing, grinding 
Four avocado tree of cv. Hass grafted on cv. Velvick and macadamia cv. HAES741 grafted on 
cv. H2 were sampled from the Bundaberg area of Queensland Australia. They were sampled 
every 4 to 6 weeks for 2 consecutive years (for miRNA year 1 samples were collected every 3 
months). The age of the trees was approximately 10 years and they were maintained under 
industrial orchard conditions. Leaves from the inside and outer canopy from both species were 
collected. As avocado flowers on terminal buds, terminal buds from the inside and outer canopy 
were collected. 
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On the other hand, macadamia axillary buds from the inside and outer canopy were collected, 
as they produce flowers eventually. The general sampling strategy was to collect leaves and 
bud tissues from 15 different positions on the trees to minimize variation. All tissue samples 
were placed on dry ice quickly after detaching them from the trees and then they were 
subsequently transported to the lab where they were immediately placed in a -80o C freezer. 
The tissues were then cryogenically ground to fine powder using Geno grinder and were 
dispensed to 2ml tubes for downstream analysis (SPEX SamplePrep, 2010 Geno/grinder, 
USA).  
4.4.4 RNA extraction, cDNA synthesis and qRT-PCR for miRNA analysis 
The total RNA from the outer canopy leaves was extracted using the MasterPure Plant RNA 
purification kit by manufacturer instruction (Epicentre, USA). The integrity of the RNA was 
tested using 1% TAE agarose gel and was then quantified using a Nanodrop ND-1000 
spectrophotometer (Thermo scientific, USA). 250-500 ng of high-quality RNA was used to 
prepare low molecular weight cDNA synthesis using a miSCRIPT Plant RT kit per 
manufacturer protocol (Qiagen, The Netherlands). This prepared cDNA was then used to run 
qRT-PCR reactions in technical duplicates using Quantitect SYBR green kit according to 
manufacturer instruction (Qiagen, The Netherlands). The run was performed on Roter-Gene Q-
6000 machine (Qiagen, The Netherlands). U6-snoRNA and 5.8S rRNA were used to normalize 
miR156 and miR172 transcript abundance. Primers were used to amplify transcripts from 
Chapter II Supplementary Table S2. 1. 
4.4.5 RNA extraction, cDNA synthesis and qRT-PCR for gene quantification 
For gene quantification, total RNA was extracted using a modified CTAB based nucleic acid 
extraction method [73]. A Bio-Rad iScript cDNA synthesis kit was used to prepare high 
molecular weight cDNA. The transcript abundance was quantified by qRT-PCR in CFX384 
thermal cycler (Bio-Rad, USA) using a SensiFAST™ SYBR® No-ROX Kit (Bioline, UK) as 
per manufacturer instructions. Primers used to amplify transcripts are shown in Supplementary 
Table S4.5 and Chapter II Supplementary Table S2. 2.   
4.4.6 Data analysis 
Relative abundance was calculated using the delta-delta-Ct method with corrected primer 
efficiency calculated through Linreg PCR ver. 7.5 (the University of Amsterdam, The 
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Netherlands) (Relative abundance = Gene PE^ (-Gene Ct)/Control PE^ (-Control Ct). One way 
ANOVA (analysis of variance) with Tukey test was done to compute statistical significance 
difference. GraphPad Prism 6 was used to plot relative abundance of each transcript. Further, 
Z-score was calculated using the formula, z = x - μ/ σ, where, x is the relative abundance of a 
time-point, μ is the mean of all samples, σ is the standard deviation. To see the seasonal 
variation in a crop cycle, z-score was normalized only with samples from that year. To get a 
year to year abundance pattern overall z-score (of two years) was calculated. The heatmaps 
were visualized using the heatmapper.ca online tool [74]. 
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4.6 Supplementary information 
 
Supplementary Fig. S4. 1 Avocado ‘Hass’and macadamia ‘HAES741’ crop phenology cycle under 
South East Queensland (Australia) conditions. The illustrations were created using the actual average 
phenotypic data for 2 years (2015-2017) with modification from A avocado crop cycle [45] and B 
macadamia crop cycle [46]. 
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Supplementary Fig. S4. 2 Avocado crop load for three years from 2015-17 at the time of 
harvesting. Crop yield is normalized from 1 to 10 where, 10 = High crop load, 5= medium crop load, 
1 = low crop load. 
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Supplementary Fig. S4. 3 Macadamia crop load at the time of harvesting for three year (2015-17). 
Crop load is normalized from 1 to 5, where, 5 is high crop load, 2.5 = medium crop load and 1 is low 
crop load. 
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Supplementary Table S4. 1 FT-related transcripts details used for alignment and phylogenetic tree. 
No. Name Organism Seq detail 
1 AtFT Arabiidopsis thaliana AT1G65480 
2 MsFT Medicago sativa AEO16612.1 
3 ZjFT Ziziphus jujuba ANG60748.1 
4 VvFT Vitis vinifera ABI99465.1 
5 BnFT Brassica napus ACY03405.1 
6 RcFT Rosa chinensis CBY25182.1 
7 PmFT Prunus mume CBY25181.1 
8 GmFT Glycine max ABZ80360.1 
9 TaeFT Triticum aestivum ACA25439.1 
10 JcFT Jatropha curcas AID51385.1 
11 MiFT Mangifera indica AGA19021.1 
12 StFT Solanum tuberosum NP_001274897.1 
13 MdFT Malus domestica ABF84010.1 
14 PaFT Persea americana AIG92770.1 
15 PnFT Populus nigra BAG12904.1 
16 AaFT Arabis alpina KFK30313.1 
17 CsiFT Camellia sinensis BAM83573.1 
18 CuFT Citrus unshiu BAF96645.1 
19 BnTFL1 Brassica napus ATQ37956.1 
20 MdTFL1 Malus domestica ACD69429.1 
21 AhTFL1 Arachis hypogaea AFP33421.1 
22 MtTFL1 Medicago truncatula KEH17361.1 
23 ClTFL1 Citrus limon AWW25018.1 
24 AtTFL1 Arabidopsis thaliana ANS12868.1 
25 PpeTFL1 Prunus persica ADL62867.1 
26 MiTFL1 Mangifera indica AGA19026.1 
27 PnTFL1 Populus nigra BAG12897.1 
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28 AtCEN Arabidopsis thaliana AT2G27550 
29 TcCEN Theobroma cacao EOY33468.1 
30 AmCEN Antirrhinum majus CAC21564.1 
31 HvCEN Hordeum vulgare AFV67450.1 
32 MdCEN2 Malus domestica P_001280813.1 
33 MdCEN1 Malus domestica BAG31958.1 
34 AtMFT Arabidopsis thaliana AT1G18100 
35 BnMFT Brassica napus XP_013723319.1 
36 RcMFT Rosa chinensis XP_024169398.1 
37 MtMFT Medicago truncatula XP_003631075.2 
38 CsMFT Citrus sinensis XP_006467912.1 
39 ZjMFT Ziziphus jujuba XP_015886852.1 
40 ClMFT Citrus limon AWW25016.1 
41 AhMFT Arachis hypogaea XP_025639284.1 
42 SlMFT Solanum lycopersicum XP_004235817.1 
43 JcMFT.2 Jatropha curcas AID51395.1 
44 JcMFT.1 Jatropha curcas AHG97810.1 
45 TaeMFT Triticum aestivum BAK78909.1 
46 AtBFT Arabidopsis thaliana AT5G62040.1 
47 ClBFT Citrus limon AWW25017.1 
48 BnBFT Brassica napus XP_013723459.1 
49 MdMFTb Malus domestica AGX15187.1 
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Supplementary Table S4. 2 CO-related transcripts details used for alignment and phylogenetic 
tree. 
  Name Species Seq. detail 
1 StCO Solanum tuberosum NP_001274795.1 
2 AtCO Arabidopsis thaliana AT5G15840.1 
3 SlCO2 Solanum lycopersicum AAS67378.1 
4 SlCO1 Solanum lycopersicum AAS67377.1 
5 NtCO Nicotiana tabacum AEJ84000.1 
6 GmCO Glycine max ACJ65311.1 
7 MiCO Mangifera indica ADX97322.1 
8 PdCO2 Populus deltoides AAS00055.1 
9 MdCOL4 Malus domestica NP_001280817.1 
10 MdCOL1 Malus domestica AAC99309.1 
11 MdCOL2 Malus domestica AAC99310.1 
12 MtCO1 Medicago truncatula XP_013447078.1 
13 AtCOL5 Arabidopsis thaliana AT5G57660.1 
14 AtCOL4 Arabidopsis thaliana AT5G24930.1 
15 AtCOL1 Arabidopsis thaliana AT5G15850.1 
16 AtCOL2 Arabidopsis thaliana AT3G02380.1 
17 AtCOL3 Arabidopsis thaliana AT2G24790.1 
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Supplementary Table S4. 3 MADS-box (AP1, SEP, SOC1, SVP/DAM) related transcripts details used 
for alignment and phylogenetic tree. 
No. Name Species Sequence details 
1 AtAP1 Arabidopsis thaliana AT1G69120.1 
2 MiAP1 Mangifera indica ACS45103.1 
3 PtAP1.1 Populus trichocarpa AAT39554.1 
4 StAP1 Solanum tuberosum ADA77531.1 
5 MdAP1 Malus domestica ACD69426.1 
6 VuAP1 Vigna unguiculata BAJ22385.1 
7 NnAP1 Nelumbo nucifera AGY54940.1 
8 JcAP1 Jatropha curcas AKM16736.1 
9 VvAP1 Vitis vinifera NP_001268210.1 
10 CsAP1 Citrus sinensis NP_001275828.1 
11 PaAP1 Persea americana ABD62862.1 
12 AtFUL Arabidopsis thaliana AT5G60910.1 
13 VvFUL Vitis vinifera ACZ26529.1 
14 AtSOC1 Arabidopsis thaliana AT2G45660.1 
15 PtSOC1 Populus trichocarpa XP_006383341.2 
16 NtSOC1-like Nicotiana tabacum NP_001312958.1 
17 MdSOC1-like Malus domestica NP_001280844.1 
18 PmSOC1-like Prunus mume NP_001306730.1 
19 GmSOC1 Glycine max ABC75835.1 
20 AaSOC1 Arabis alpina AEH43355.1 
21 CsiSOC1 Camellia sinensis ALS54681.1 
22 MiSCO1 Mangifera indica ADX97324.1 
23 ParSOC1 Prunus armeniaca AGD88524.1 
24 EgrSOC1 Eucalyptus grandis XP_018716234.1 
25 AtSVP Arabidopsis thaliana AT2G22540.1 
26 BnSVP Brassica napus AFM77910.1 
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27 JcSVP Jatropha curcas XP_012081656.1 
28 CpSVP Carica papaya XP_021897605.1 
29 CsSVP Citrus sinensis XP_006472471.1 
30 PmSVP Prunus mume NP_001313437.1 
31 AaSVP Arabis alpina KFK32803.1 
32 GmSVP Glycine max NP_001240951.1 
33 PpDAM1 Prunus persica ABJ96361.2 
34 MdDAM2 Malus domestica AOA32866.1 
35 MdDAM1 Malus domestica AOA32865.1 
36 PmDAM1 Prunus mume BAK78921.1 
37 PmDAM2 Prunus mume BAK78922.1 
38 AtSEP2 Arabidopsis thaliana AT3G02310.1 
39 AtSEP1 Arabidopsis thaliana AT5G15800.2 
40 AtSEP3 Arabidopsis thaliana AT1G24260.2 
41 AtSEP4 Arabidopsis thaliana AT2G03710.1 
42 BnSEP1 Brassica napus XP_013720978.1 
43 PtSEP2 Populus trichocarpa XP_024444692.1 
44 CsSEP1 Citrus sinensis XP_006482430.1 
45 ZjSEP1 Ziziphus jujuba XP_024928213.1 
46 ZjSEP3 Ziziphus jujuba XP_024928665.1 
47 AaSEP3 Arabis alpina KFK44483.1 
48 MdSEP1 Malus domestica NP_001280893.1 
49 EgrSEP1 Eucalyptus grandis NP_001289642.1 
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Supplementary Table S4. 4 New gene transcript identified from in-house transcriptome/genome 
data. Full length Coding region of these transcripts were predicted using Geneious software and were 
then submitted to NCBI repository. The integrity of each transcript’s protein domain was validated 
using phmmr online prediction tool. 
Gene NCBI submission 
phmmr (pfam.xfam.org) protein domain validation 
results 
PaAGL4 
Submitted, pending 
approval SRF, K BOX 
PaMFTa 
Submitted, pending 
approval Phosphatidylethanolamine-binding protein 
PaMFTb 
Submitted, pending 
approval Phosphatidylethanolamine-binding protein 
PaSOC1b 
Submitted, pending 
approval SRF, K BOX 
PaFUL 
Submitted, pending 
approval SRF, K BOX 
PaCOa 
Submitted, pending 
approval B-box zinc finger, CCT motif 
PaCOb 
Submitted, pending 
approval B-box zinc finger, CCT motif 
PaDAM 
Submitted, pending 
approval SRF, K BOX 
PaCYCD3;1 
Submitted, pending 
approval Cyclin, N-terminal domain and C-terminal domain 
MciSEP3 
Submitted, pending 
approval SRF, K BOX 
MciMFT 
Submitted, pending 
approval Phosphatidylethanolamine-binding protein 
MciCOa 
Submitted, pending 
approval B-box zinc finger, CCT motif 
MciCOb Submitted, pending B-box zinc finger, CCT motif 
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approval 
MciFT 
Submitted, pending 
approval Phosphatidylethanolamine-binding protein 
MciCEN 
Submitted, pending 
approval Phosphatidylethanolamine-binding protein 
MciSOC1b 
Submitted, pending 
approval SRF, K BOX 
MciTFL 
Submitted, pending 
approval Phosphatidylethanolamine-binding protein 
MciDAM 
Submitted, pending 
approval SRF, K BOX 
MciCYCD2;1 
Submitted, pending 
approval Cyclin, N-terminal domain and C-terminal domain 
MciFUL 
Submitted, pending 
approval SRF, K BOX 
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Supplementary Table S4. 5 Primers used to amplify transcripts. 
No. Gene F Primer R Primer  
1 PaAGL4 AACTACAGTCGCCAAGCTCC TCCATCCAGGAACGAAACCG 
2 PaMFTa ATCAAGCCCTCCATTGCCCA CGCATCCGGGTCTGTCATCA 
3 PaFT ACCCTAGGTTGGTTGGCCAC TTGGACCCCTTCAACCGGTC 
4 PaMFTb AGCCGGTTCCTTCTGTGCAT TTTCAACACCCGCACGTTCG 
5 PaSOC1b AAGCAGGCAAGTGACGTTCT TTTCCATCCCTTGATTGGAG 
6 PaFUL CCTTCTCAAGAAAGCGAACG TATTCGGTGAGCTTGCCTCT 
7 PaCOa TTCAGATGCCACACCAGTTC GCATAAGCCTTCCTTGAAGC 
8 PaCOb ACGCTTTGCCAAGAGAACAG TACAATCCCGTATCCGCTTT 
9 PaDAM CAGGTAGCAGAAAAGGGCCA CTAGCACGCGACTTAGTCCC 
10 PaCYCD3;1 CAGGTAGCAGAAAAGGGCCA CTAGCACGCGACTTAGTCCC 
11 MciSEP3 AAGCACCGGAGATAAACGTG TCCTTTGGGATCGTTGTAGG 
12 MciMFT TCGACGCCTCGAAAGGGAAA AACAGCGCGAAAACGTACCG 
13 MciCOa TTGATACGGGGTCTGGTTTC TGCCATCTCAATTCACTCCA 
14 MciCOb TTTGGACAGGGAAGCGAGGG CCGCTTCGCAAATCTGCCTT 
15 MciFT CAGCTTGGGAGGCAGACTGT GGTCCTCGTCCACCTGAACC 
16 MciCEN GAGGCACCTCCATTGAGAGA TCTTCTTCTTGCGGCTGTTT 
17 MciSOC1b AATGAGAGCGACTTCGGCAT GCAGGCAAGTGACCTTCTCT 
18 MciTFL GATGTGGTACTGACAGGGGC GAAGCTTTGCTGCGGAGAAC 
19 MciDAM GGAGAAGAGCTGCAAGGGTT TCTTTGGAGCGCGCTAATCT 
20 MciCYCD2;1 CATGGGCACTTCTGTCTCGT TGGATCGGTTCCTTTCAGCC 
21 MciFUL CAAAGGCAAGCTCTTCGAGT CCAGTTTCCCTGTGATTCGT 
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Chapter V 
 
 
 
 
5 Conclusions and recommendations  
 
 
 
 
 
 
 
 
 
 
 
5.1 General conclusions 
The research activity carried out in this PhD project has advanced the understanding of phase 
transition and flowering in tree crops. A thorough literature review identified three main problems; 
limited evidence of miRNA regulation of phase transition in trees, no information on scion and 
rootstock interaction/signalling in terms of grafted tree maturity and very limited evidence on how 
 
 
145 
 
seasonal changes in the crop cycle are regulated in fruit trees as yields depends on successful 
flowering.  
To address these bottlenecks, this study was designed to cover a number of aspects of molecular 
regulation of phase transition and flowering; (a) identification and characterization of miRNAs and 
genes involve in phase transition in avocado, mango and macadamia, (b) exploring the role of scion 
and rootstock in grafted tree maturity/signalling using the identified markers for juvenility and phase 
transition in avocado and macadamia, (c) identification and characterization of important genetic 
factors involved in the annual flowering/crop cycle in avocado and macadamia. The major highlights 
of this PhD projects are described below: 
i. miRNAs (miR156 and miR172) and their putative target genes (SPL, AP2, respectively) 
have been suggested to be the master regulator of vegetative phase transition in plants [1-
8]. The miR156-SPL4 phase transition model was confirmed in the tree crops investigated. 
On the other hand, SPL9, which was shown to regulate phase transition in other species 
[5, 7, 9-11], did not show any relationship with juvenility or phase transition in these trees. 
Similarly, no clear evidence was found that can relate miR172 and AP2 to the phase 
transition. miR172 only showed transcript variation in avocado over the age of the tree, 
that too was observed only in young trees and after one year no significant change was 
observed. This suggested either this is not conserved or this model needs to be investigated 
in different tissue types. Furthermore, a SOC1-SPL4-AP1 model of reproductive phase 
transition was confirmed in the tree crops investigated as described in Chapter II.  
ii. Signalling between rootstock and scion, and their contributions towards grafted tree 
maturity in avocado and macadamia was determined in chapter III using the miR156-
SPL4-miR172 model as a marker for juvenility and phase transition based on the results 
of Chapter II. This was the first study to reveal that the scion is largely responsible for 
grafted tree molecular maturity. Clonal rootstocks did, however, contribute inter-graft 
signalling early in grafted tree development, which appeared to be dependent on leaves 
below the graft union. Leaf-regulated graft transmissibility of signals affecting miR156, 
miR172 and TPS1 transcript abundance in the scion was confirmed through a defoliation 
experiment.  
iii. The next step was to investigate molecular cues regulating changes necessary for annual 
flowering. Florigen FT is produced in the leaves and gets transported to the buds where it 
is necessary for floral initiation [12-14]. In both, avocado and macadamia FT was 
upregulated a few weeks before bloom. This makes FT a potential marker for floral 
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initiation as shown in annual plants. AP1, FUL and SEP3 are the floral meristem identity 
genes working downstream of FT. Similar to FT, these genes were also upregulated at the 
time of floral initiation in the tree crops. In contrast, DAM which regulates endodormancy 
was downregulated at the time when the dormancy is released (floral induction time). 
After this investigation, it was suggested that FT, AP1, FUL, SEP3 and DAM could 
potentially be used as markers to determine floral initiation time in trees as described in 
Chapter IV. This also suggested that the core mechanism for flowering regulation is 
conserved from annual plants to perennial trees, indicating a fundamental evolutionary 
role in flowering between diverse plant species [10, 15-18]. Next, the SOC1-SPL4 model 
for the floral transition was investigated and showed a similar pattern. Both genes were 
upregulated twice annually; before floral induction and after flowering has ended. These 
genes are upstream regulators of AP1 and FUL and their upregulation prior to floral 
initiation may suggest a role in floral bud induction, as shown in Arabidopsis [19-22]. 
Despite the conserved action of so many fundamental flowering factors, no correlation 
was observed between phenological events and the expression pattern of flowering 
associated miRNAs (miR156 and miR172). Out of my knowledge, no documented 
research has been completed to investigate the role of miR156 and miR172 in the annual 
flowering cycle in trees. There is a fundamental difference between annual plants and 
perennial trees, as annual plants only flower once in their life cycle after transitioning from 
juvenile to adult phase within a growing season. On the other hand, perennial trees enter 
into an annual flowering cycle which can last for years after acquiring reproductive 
competence. The current flowering models which outline miR156 and miR172 role are 
based on annual plants and lack annual phenology data from perennial trees. This may 
explain miR156/miR172 expression pattern observed in avocado and macadamia and 
suggest that either this mechanism (miR156/miR172 flowering pathway) is not conserved 
in these trees or was not captured due to limited tissue types investigated here. 
iv. A model for vegetative phase transition and flowering is proposed, which can be used as 
marker of juvenility and flowering induction time for the tree crops investigated (Fig. 5.1). 
Briefly, miR156 is highly expressed in the newly germinated seedlings. As the tree ages, 
miR156 transcript abundance decreases, which results in the accumulation of SPL4 
transcripts. This increase in SPL4 transcripts together with upregulation of AP1, SOC1 
and SEP3 makes the plant competent to flower (Chapter II). Then the tree enters into an 
annual crop cycle, wherein low temperature upregulate FT. This coincides with the 
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repression of DAM. At the same time, SPL4/SOC1 higher abundance was observed. This 
increase in FT and SPL4/SOC1 activates floral meristem identity genes (AP1, FUL and 
SEP3) and marks floral bud induction (Chapter IV). These floral buds develop into a 
complete flower, which eventually bears fruit. This model was constructed using the 
generated transcript expression data/patterns and considering the already existing models 
for phase transition and flowering [1, 10, 17, 18, 20, 23]. The model is missing 
components described in other species, including miR172, AP2 and SPL9. This means 
that their role could not be confirmed in all crops investigated using the approach and 
tissue type employed in this PhD thesis. However, this does not rule out their potential 
role in the phase transition and flowering as it is suggested that more molecular approaches 
or tissue types should be adopted/analysed to confirm their role. This model needs further 
validation as discussed below.  
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Figure 5.1 The proposed schematic phase transition and 
flowering pathway in tree crops investigated. 
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5.2 Contribution to knowledge 
The outcomes presented in this PhD thesis have contributed significantly to understanding vegetative 
phase transition and flowering. First, identification of miRNA and gene homologs in avocado, mango 
and macadamia, which still lack a public genome (a draft macadamia genome has been published 
very recently). Mature sequences of miR156, miR172 and other miRNAs were identified through 
smallRNA sequencing as described in Chapter II. Full length noncoding primary transcripts of 
MIR156 and MIR172 were identified in avocado and attached as Appendix II. Furthermore, 78 
transcripts homologous to Arabidopsis genes were identified in the tree crops investigated; full length 
CDS and protein were predicted and were deposited in the NCBI online resource (Appendix 3, 
Supplementary Table S2. 3 and Supplementary Table S4.4). 
This thesis has suggested that miR156-SPL4 and SOC1-SPL4-AP1 can successfully be used as 
markers for juvenility and reproductive competence in these important crops. These markers can 
reliably be used for identifying the maturity of the propagation material in these trees. These markers 
were employed to determine the developmental phase of rootstock and scion material in avocado and 
macadamia. For the first time, molecular indicators for the scion control of grafted plant maturity 
were documented. In addition to that, molecular data was generated across the crop cycle in avocado 
and macadamia. Three important gene transcripts including FT, AP1 and FUL can be used as markers 
for floral induction in these diverse tree crops. In future, these transcripts could potentially be 
employed to predict alternate bearing or ultimately, the yield of the trees which will be a breakthrough 
in horticulture production.  
5.3 Future directions 
I. Functional analysis of identified genes (including MIR-transcripts) essential for vegetative 
phase transition and the floral cycle in the tree crops investigated, first using gene specific 
knockout mutants and Overexpression in Arabidopsis as GM technologies are not yet readily 
feasible for these trees. This will facilitate the future possibility of manipulating these 
transcripts to increase yield once the technology is available to do so in these crops. 
Additionally, it is important to further explore the role of miR172, AP2 and SPL9 in the phase 
transition, as was discussed in Chapter II.  
II. Development of a future crop/yield prediction tool using molecular data. Preliminary results 
show increased activity of various floral markers including FT a few months before flowering 
(Chapter IV). Further, a comprehensive transcriptomic analysis is required, just focusing on 
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the floral induction time period, to identify more candidates for floral initiation.  This could 
provide us with more molecular markers (options) to work with in future. The next step could 
be to investigate the effect of tree management practises including plant growth regulators, 
environmental factors and pruning on the molecular activity of identified transcripts. If 
management practices (e.g., application of growth regulator) correlate with, or influence, the 
suggested floral markers, this could potentially allow optimisation of management strategies 
to increase/decrease transcript abundance of a gene to the desirable level and ultimately to 
manipulate the yield of the crop. For example, it could help us better predict when and how 
much growth regulators should be used in order to stimulate flowering or vegetative growth 
and thus devise a strategy to optimize commercial yield. In this way, we can progress towards 
precision horticulture for the advantage of the horticultural industry/growers. In summary, an 
integrated approach could combine molecular findings with management practices to develop 
a model to predict and enhance commercial production. 
III. Avocado produce racemes towards the outer canopy. Thus, it was hypothesised in chapter IV 
that one of the potential regulators of flowering could be the sunlight as the inner canopy is 
devoid of sun light. One possibility to test this hypothesis is to ‘light up’ the avocado inner 
canopy and see if that can trigger raceme development inside the canopy and increase the 
yield. Then, to investigate if inner canopy transcript abundance corresponds to this treatment 
(‘light up’) which can lead to the identification and characterization of potential candidates 
for further research. 
IV. An integrated approach is required to investigate the role of hormones, proteins, sugar and 
other graft transmissible factors in the rootstock vs scion interaction in the grafted trees. This 
approach will help to identify factors that are involved in root-to-shoot interaction and to 
develop future strategies of selecting suitable rootstock. Furthermore, advancement in the 
molecular work via a thorough next-generation sequencing approach could be useful in 
identifying and subsequently characterizing any new transcripts involved in inter-graft 
communication and possibly graft compatibility, which is a major limitation in industry. 
V. Exogenous application of RNAi has been investigated for disease control in plants [24, 25], 
which opens the idea that this mechanism could be employed as a non-GM method for 
endogenous gene regulation. Therefore, in future, the exogenous application of artificial small 
RNAs to induce early flowering or increase and maintain uniform yield during the yearly crop 
cycle could be explored based on the candidates identified here as regulatory miRNAs and 
targets. Additionally, exogenous application of miR156 in macadamia cuttings could be 
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explored to promote juvenility to support improved rooting and propagation efficiency since 
mature/old shoots are harder to root. This research field is still new and ambitious, and it will 
require the development of methods and techniques to apply this juvenility associated 
miRNA. The current cost of production for artificial miRNA is high. Further research is 
needed on reducing cost of ‘RNA (miRNA)’ production to make it feasible and affordable for 
commercial application. 
Finally, to conclude, this Ph.D. project investigated the molecular regulation of phase change and 
flowering in horticultural tree crops and predicted/utilized molecular markers to understand this 
phenomenon. These findings are important to develop future strategies to optimize crop yield and 
development in these horticultural trees.  
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Appendix 1 
TEMPRANILLO1, FLOWERING LOCUS T and CONSTANS Phase transition 
pathway model, SEP3 as reproductive transition marker 
In addition to the submitted manuscript from Chapter II, the following analysis was also done. 
Summary of this work is as under: 
In Arabidopsis leaves, SPL3 positively regulates FT in the similar pathway where SEPALLATA3 
(SEP3) is activated to determine when to flower [1]. Moreover, for floral induction under long day, 
CONSTANS (CO) is critical for upregulating FT which results in floral competence under favourable 
condition. However, TEMPRANILLO (TEM1 and TEM2), compete with CO to bind FT transcripts, 
is suggested to be involved in vegetative phase transition via FT repression by directly binding to its 
5’UTR region [2, 3]. TEM belongs to class I of RAV transcription factor family having an AP2/ERF 
DNA and a B3 binding domain. 
It has been suggested that TEM act side by side CO in regulating FT production and thus prevents 
premature flowering. So, a detailed expression analysis using FT, TEM and CO homologs in avocado, 
mango and macadamia leaves were completed. In Avocado, there was no correlation or anticorrelation 
among PaTEM1, PaTEM2, PaCO and PaFT expression as well with the age of the tree (Fig. A1a-d). 
A similar pattern was observed for mango (MiCO and MiTEM) and macadamia TEMPRANILLO 
homolog (MciTEM) (Fig. A1e-g). However, MciFT and MciCO have a positive correlation and their 
expression increases as the plant ages (Fig. A1h, i). However, when compared MciFT and MciCO 
with crop phenology (Chapter IV) expression, it was concluded that this trend was due to seasonal 
variation. Altogether, these results suggest that TEM-FT-CO might be interacting differently in the 
leaves of these trees and TEM-FT model may not be true for these trees. 
I then profiled MciSEP3 in macadamia as SEP3 was shown to interact with the miR156-SPL3-FT 
flowering pathway [1] (Fig. A2). In Arabidopsis, SPL3 shown to be positively regulating SEP3 in 
temperature dependant flowering. Our results in macadamia suggest that MciSEP3 is upregulated in 
mature trees and its expression positively correlates with MciSPL4 (Fig. A2).  
In conclusion, I examined TEMPRANILLO and FT model in our experimental trees, that was 
previously proposed for phase transition in Arabidopsis, antirrhinum, and olive [2, 3]. TEM and CO 
regulate FT side by side to control flowering [2, 3]. Here, these genes were not correlated with the 
age of these trees. Our results in leaf samples indicate that this model might not be accurate in these 
woody tree crops. Possibly, these genes may not have a prominent role regarding phase transition 
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rather it could only be in phenology. One the other hand, macadamia SEP3 homologue were only 
upregulated when the tree was in reproductive phase. This suggests a possible role of MciSEP3 in 
macadamia flowering pathway. 
 
Fig. A1. 1 TEMPRANILLO (TEM), Flowering Locus T (FT) and CONSTANS (CO) Phase transition 
pathway model in horticultural tree crops. Expression relative to housekeeping (a) PaTEM1, (b) PaTEM2, 
(c) PaFT, (d) PaCO like, (e) MiTEM, (f) MiCO, (g) MciTEM, (h) MciFT, and (i) MciCO-Like in age related 
samples. The Error bars represent the standard error of the mean (n=3), and statistically significant differences 
are illustrated in different letters (p<0.05). 
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Fig. A1. 2 Relative expression of MciSEP3 at various stages of the macadamia lifecycle. Error bars 
represent standard error of the mean (n=3 biological pools of 6-15 plants), and significant differences 
calculated by one-way ANOVA are shown by different letters (p<0.05). 
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Table A1. 1 Primer used for transcript quantification. 
No. Gene F Primer R Primer  
7 PaTEM1 GTCAACAGCGGCGAATG GAAACTGTTATAAAGCTCCTATGC 
8 PaTEM2 ATGTGATGGAAGAAGGGAAC GCAAAGAAGAGGCAGATAATTGGT 
12 PaCO-Like TTCAGATGCCACACCAGTTC GCATAAGCCTTCCTTGAAGC 
16 PaFT ACCCTAGGTTGGTTGGCCAC TTGGACCCCTTCAACCGGTC 
17 PaGAPDH TGGGAAACTTACAGGAATGG GTCACCCACAAAGTCAGTAGAA 
18 PaEF1a ATCAAGCGTGGGTTTGTTGC TACCCGTTGCCAATCTGACC 
23 MciTEM ATTGGAAGCCAAGGATTGTG GAACAGGTTGACCCCAAAGA 
27 MciCO-like TTGATACGGGGTCTGGTTTC TGCCATCTCAATTCACTCCA 
32 MciFT CAGCTTGGGAGGCAGACTGT GGTCCTCGTCCACCTGAACC 
36 MciSEP3 AAGCACCGGAGATAAACGTG TCCTTTGGGATCGTTGTAGG 
37 MciGAPDH GGAGTCAGAGGGTAGCCTGA ACCAGGAGACAAGCTTCACG 
38 MciEF1a GAACGTCGCAGTTAAGGATC GAGGTGTGGCAATCAAGCAC 
39 MciMON1 CGGCATGTCGATGAGGATGA CTTGCCAGAGTGACTCAGCA 
49 MiCO-like CTATGCAAGGCAGATGCGGC GCCAGAATCGGAACACGCAG 
55 MiTEM GGGTGGAATTAACTCGTTCG TTCGGCATGTTGTTTTGGTA 
56 MiEF1a AAGAGGCCATCAGACAAGCC CCGGTTTCAACACGACCAAC 
57 MiGAPDH ATGCCAAGGCTGGTATTGCT TCACGCGTGAACTGTATCCC 
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Appendix 2 
Table A2.1 Avocado predicted precursor miRNA sequences using in house transcriptomic data. 
N
o. 
miRBase miRNA Consensus precursor sequence 
1 miR156 ugacagaagagagugagcacacgccggcaauuguauaaggguaugcuguuccguugcgugcucacu
ucucuuucugucagc 
2 miR156 ugacagaagagagugagcacacgccgguaauuguauaaauguauacuuuuuccggugcgugcucac
uucucuuucugucagc 
3 miR156 ugacagaagagagugagcacauaugguuuuucuugcauggaguucauguuggaugcuaugcgugcu
cacuuucuaucugucauc 
4 miR156 ugacagaagagagugagcacacaugguuuuucuugcauggaguucaugcuuggagcuaugcgugcu
cacucucucucugucacg 
5 miR156 ugacagaagagagugagcacucacaagccauuguauaaaugcaugcunuugccggugggugcucacu
ucucucucugucaag 
6 miR156 acagaaagagaagugagcacgcaacggaacagcauacccuuauacaauugccggcgugugcucacuc
ucuucugucag 
7 miR156 cugacagaagagagagagcacagaugaugaagugcaugaucguuuugcaucucacuccuuugugcuc
ucucucuuacugucauc 
8 miR156 gacagauagaaagugagcacgcauagcauccaacaugaacuccaugcaagaaaaaccauaugugcuca
cucucuucuguca 
9 miR156 gacagagagagaagugagcacccaccggcaanagcaugcauuuauacaauggcuugugagugcucac
ucucuucugucag 
10 miR156 acagaaagagaagugagcacgcaccggaaaaaguauacauuuauacaauuaccggcgugugcucacu
cucuucugucag 
11 miR156 acagagagagagugagcacgcauagcuccaagcaugaacuccaugcaagaaaaaccaugugugcucac
ucucuucuguca 
12 miR157/miR156 uugacagaagauagagagcacagaugaugaauugcacggcgcuugcaucucacuccuuugugcucuc
uaugcuucugucagc 
13 miR157/miR156 uugacagaagauagagagcacagaugcacacaagcacuugguucuugugucugaacaucugugcucu
cucuucuucugccagc 
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14 miR157/miR156 ugacagaagauagagagcacagaugaugaagugcaugguguuugcaucucacuccuuugugcucuc
uaugcuucugucacc 
15 miR172 gcagcaccaucaagauucacaugcauuguggcuacuguguugauguuuuuucgcauguguuuuggu
ugagaaucuugaugaugcugcau 
16 miR172 uaggaucaucaggaaucacaucuacaguucaaacgaucauccuugcauuagaugugauccugaugau
cc 
17 miR172 uaggaucaucaggaaucacaucuacaguucaaacgaucauccuugcauuagaugugauccugaugau
cc 
18 miR172 uaggaucaucaggaaucacaucuacaguucaaacgaucauccuugcauuagaugugauccugaugau
cc 
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Appendix 3 
Table A3.1. New gene transcript identified from in-house transcriptome/genome data. Full length Coding 
region of these transcripts were predicted using Geneious software and were then submitted to NCBI 
repository. The integrity of each transcript’s protein domain was validated using phmmr online prediction tool. 
Gene NCBI submission 
phmmr (pfam.xfam.org) protein domain validation 
results 
PaTEM1 
Submitted, pending 
approval AP2 Domain, B3 DNA Binding Domain 
PaTEM2 
Submitted, pending 
approval AP2 Domain, B3 DNA Binding Domain 
PaTPS1 
Submitted, pending 
approval Glyco_transf_20, Trehalose_PPase 
PaPP2AA3 
Submitted, pending 
approval  HEAT_2 
PaBRC 
Submitted, pending 
approval TCP family transcription factor 
PaDRM1 
Submitted, pending 
approval Dormancy/auxin associated protein 
MciTEM 
Submitted, pending 
approval AP2 Domain, B3 DNA Binding Domain 
MciBFT 
Submitted, pending 
approval Phosphatidylethanolamine-binding protein 
MciLFY 
Submitted, pending 
approval 
Floricaula / Leafy protein SAM domain, DNA Binding 
Domain (C-terminal) Leafy/Floricaula 
MciMON1 
Submitted, pending 
approval Trafficking protein Mon1 
MciAG 
Submitted, pending 
approval SRF, K BOX 
MciSAG12 
Submitted, pending 
approval 
Cathepsin propeptide inhibitor domain (I29), Papain 
family cysteine protease 
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MciEBB1 
Submitted, pending 
approval AP2 domain 
MiCO 
Submitted, pending 
approval B-box zinc finger, CCT motif 
MiFLC 
Submitted, pending 
approval SRF, K BOX 
MiFUL 
Submitted, pending 
approval SRF, K BOX 
MiSOC1 
Submitted, pending 
approval SRF, K BOX 
MiCEN 
Submitted, pending 
approval Phosphatidylethanolamine-binding protein 
MiTEM 
Submitted, pending 
approval AP2 Domain, B3 DNA Binding Domain 
MciFUL 
Submitted, pending 
approval SRF, K BOX 
 
 
